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An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

Abstract

There have been many theoretical descriptions of the nucleation process but very few
detailed experimental research has been carried out. The nucleation process was
systematically analysed with the aim of gaining a deeper understanding of foam formation
and the nucleation process, in order to develop possibilities in influencing it and to

ultimately reduce the thermal conductivity.

A method was developed whereby the nucleation process could be observed in-situ
and subsequently analysed by means of a PC-controlled camera attached to a stereo
microscope. The increase in volume due to foam formation and its exothermic reactivity
was taken into consideration. Thereby, the amount of cell nuclei in the initial phase was
examinable and cell growth including coalescence could be followed. The initial nuclei
compared favourably to the final number of cells and to their size, providing a consistency

with real foaming conditions.

Detailed research was carried out on the effect of various types and amounts of
blowing agents (e.g. carbon dioxide, cyclopentane, perfluoroalkanes), surfactants, catalysts,
fillers and isocyanates on the nucleation process. Other important factors influencing the
nucleation process are the component's viscosity and surface tension and their relationship
with each other during the foaming process. The surface tensions and viscosities of the

various systems used were also investigated using several known methods.

Perfluorohexane-blown foams have larger nucleation numbers than either CO2- or
cyclopentane-blown foams. This is only true when an emulsifier is present. Contrary to
the literature, the initial number of nuclei did not vary with respect to surfactant type.
Nucleation numbers proved to be independent of surface tensions values proving that
lowering the surface tension does not automatically ensure higher nucleation numbers.
Surfactants were shown to have either stabilising or emulsifying abilities. An
improvement in nucleation numbers was obtained by improving the compatibility of the
A- and B-components through the use of prepolymers. One can conclude that nucleation

is a complex heterogeneous process in which surfactants, catalysts and fillers play a minor

roll.
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Objective of Thesis

In the search for a rigid foam which is an equally good thermal insulator as the
banned CFC-produced foam, we need to take a closer look at the “roots” or “nucleus” of
polyurethane rigid foam formation. A greater understanding of the nucleation process of
polyurethane rigid foam is therefore necessary. In this thesis an in-situ study of the
nucleation and foam formation processes has been developed. Using model systems with
varying amounts and types of blowing agents, surfactants, catalysts, fillers etc. the
nucleation process was analysed. The results, with the aid of surface tension, viscosity,
temperature and pressure and other analysis, posited new theories on the nucleation

process.

Thesis Overview

The thesis starts with an introduction to the fundamentals of polyurethane foam
formation, discussing its general chemistry. This is followed by the theory of bubble
formation and the nucleation process. The theory of thermal insulation is reviewed
highlighting the current problems facing industry with regards to polyurethane as an
insulation material. Chapter 1 is a description ofthe experimental, describing not only the
procedures carried out but also the development of the methods implemented. The
experimental results and discussion are presented in chapter 3. The work was conducted
in co-operation with BASF Schwarzheide GmbH and therefore the applicability of the
experimental results using model systems to commercial systems was study in chapter 4.
Conclusions are presented in chapter 5. Chapter 6 offers recommendations for future

work.

Due to the unfamiliarity ofterms used herein, a glossary of polyurethane terminology

subsequently follows.
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Glossary o fPolyurethane Terms

A-Component

B-Component

Blowing Agent

Cell

CFC-FreeFoam

Core Density

Cure

Fine Cells

Fire Retardants

A blend of polyol, catalyst, surfactant and blowing agent which, when

reacted with the B-component, produces a polyurethane foam.

The isocyanate material which will be reacted with the polyol or A-

component.

The constituent of the foam mixture which physically or chemically

causes gas production during the chemical reaction.

The cavity remaining in the structure of polyurethane foam surrounded
by polymer membrane or the polymer skeleton after blowing is

complete.

Polyurethane foams that have been made without the wuse of

chlorofluorocarbons as an auxiliary blowing agent.

The density of the foam sampled without skin, glue lines or compressed

sections at or near the centre ofthe final foamed form.

A term referring to the process whereby chemical reactions approach
completion. At 100% completion, a foam should have 100% of the

physical properties attainable with that particular formulation.

A term used to describe foam with a cell count of 80 or more per lineal

inch.

A material that, when added to polyurethane foam, will cause the foam
to be more difficult to ignite or bum less rapidly or lose less weight

during a fire than without that material
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Foam

Formulation

Functionality

HydroxI Number

Nucleation

Polyether

Polyester

Polyol

Polyurethane

Prepolymer

A lightweight cellular material resulting from the introduction of gas

bubbles into a reacting polymer.

The list of chemicals and their relative amounts to be used in the

preparation of a foam.

The number of hydroxyl groups per molecule of the polyol which are
available as reaction sites. The higher the functionality the greater the

reactivity ofthe polyol.

A factor used in the calculation ofthe equivalent weight ofa polyol.

The process whereby, the gas nuclei which expand to form the cells of

the foam, are formed.

A polymeric polyol containing ether linkages (C-O-C) in the main

molecular chain or in side chains.

A polymeric polyol, ester based.

A key chemical in foam formulation which, when mixed with
diisocyanates and other specific ingredients, produces the reaction that

causes polyurethane foam to form.

Generally, a polymer connected by urethane groups. Urethane linkage

and its supplements result from the reaction of polyol with isocyanate.

A reacted, but not completely polymerised product. In the polyurethane
industry this is usually a prereacted product formed by reacting
polyol(s) or water with diisocyanate(s). The materials normally contain
residual free isocyanates groups for further reaction with more polyol(s)

or water to produce the final polymer.
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Struts

Surfactants

Urethane

The structural members of a foam material. These roughly triangular

features contain most ofthe solid polymer and form the cell shape.

A term to describe substances that provide resiliency and stability to

thin films and that markedly lower the surface tension of liquids.

Actually a misnomer as applied to polyurethane foam. A colourless,
crystalline substances used primarily in medicines, pesticides and
fungicides. Urethane is not used in the production of urethane polymers
or foams. The urethanes of the plastics industry are so named because

the repeating units of their structures resemble the chemical urethane.
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1. Polyurethane Formation 1

1.1. Introduction

The foundation stone of polyurethane chemistry lies in the ability of the isocyanate
group (-NCO) to react with both compounds containing active hydrogen and with itself.
Otto Bayer, IG Farbenindustrie discovered in 1937 the polyaddition reaction from which
he developed in the 1940s rigid polyurethane foams. These first foams were based on
toluene diisocyanate (TDI) and polyesters terminated in both hydroxyl and carboxyl
groups. Polyurethane has developed enormously both in its composition and production
techniques over the last 60 years. To date, the largest markets for rigid polyurethane are in
construction and thermal insulation. Current foams are based on branched polyether
polyols terminated in hydroxyl groups. In most cases, polyfunctional isocyanates of the

diphenylmethane diisocyanate (MD1) type have replaced TDI.

Fig. 1-1: Structure of2,6-toluene diisocyanate (TDI) (1), 2,4-toluene diisocyanate (TDI)
(2) and 4,4 -diphenylmethane diisocyanate (MDI) (3).
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Chlorofluorocarbons (CFCs) initially replaced carbon dioxide as the foam blowing
agent. These compounds (e.g. CFCI3) have low boiling points, filling closed foam cells
with the vapour that provides such foams with their typical low thermal conductivity.
However, the Montreal Protocol criticised the use of CFCs due to their contribution to
atmospheric ozone depletion and international regulations were developed in order to
phase out their use by the year 2000. Since it was very difficult to introduce “drop-in”
replacements which would have zero ozone depletion potential (ODP) and global
warming potential (GWP), the 1990 Montreal Protocol Amendment introduced the
concept of “transitional substances”. Hydrochlorofluorocarbons (HCFCs) were considered
to be such a substance. However, the ban on all such substances implemented since the
start of 2000 has continued the research on the thermal insulation properties of
polyurethane foam with the hope of producing a foam with an equally good insulation
capacity as the former CFC foams. The use of hydrocarbons since 1993 has been a step in
the right direction. However, the ultimate goal of an environmentally sound super

insulator is still just out of reach.

The amount and type of blowing agents available is Iiomoited and researcho’ has shown
that none of the blowing agents produce a foam with an equally good insulation capacity
as the former CFC foams. This prompts the supposition that the only possible way to
reduce the thermal conductivity is the production of foams with finer cells. Several
morphological studies have been carried out on rigid polyurethane foam4,56. However,
there is a paucity in the literature of studies of the formation and in particular the
nucleation process ofrigid polyurethane foam. Therefore, a fundamental and vital study in
the search for an excellent thermal insulator is the in-situ analysis of the nucleation

process ofpolyurethane rigid foam.
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1.2. Chemical Backgroundl7

Polyurethane has a wide spectrum of structural properties, which is influenced by the
raw materials used. On a molecular scale the type of polyurethane is dependent on the
variation of chain length and the amount of networking, resulting in either thermoplastic
polyurethane (alternating segmented rigid and flexible polymer), flexible foam (large
flexible, elastic polymer segments with rigid centres) or rigid foam (compact network

polymer).

Fig.1-2: Scanning Electron Microscope (SEM) images showing the structural differences

betweenflexible open-celled PUfoam (above) andrigid close-celled PUfoam (below).
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The basic raw materials for polyurethane are isocyanates and polyols. Rigid
polyurethane foam is formed by reaction of polyisocyanates and the polyol in the presence
of selected catalysts, surfactants and blowing agents. The two main catalyst types for the
reactions of rigid polyurethane foams are tertiary amines and metal salts. The fine,
uniform cell structures of rigid PU foams depend on suitable surfactants or stabilisers.
These are predominantly block copolymers of polyether and polysiloxane structures,
which vary in molecular weight and branching. As has been previously mentioned,
blowing agents have evolved from the traditional CFCs to HCFCs and now CO2 and
hydrocarbons (e.g. pentane) as a result of the increasing awareness of the ODP and GWP
of the former. Additives such as flame retardants are also added to inhibit ignition of the

foam.

A traditional rigid PU foam formulation consists of the above components combined
in a chemically and physically balanced amount. Generally, the polyisocyanate is
considered as the B-component and all other components combined considered as the A-

component.

Rigid polyurethane foams are not polymers of ethyl carbamate, commonly known as
urethane but are in fact block copolymers containing ether, ester and other functional
groups. The principal reaction takes place between the polyfunctional isocyanates (5) and
polyhydroxyl compounds (4), commonly known as polyols, forming the urethane linkage.
This can be considered as a polyaddition reaction and accounts for the gelling process in

foaming.

MHO-R-OH + nNCO-R'-NCO
(4) (5)

11
Fig. 1-3: Theprinciple reaction in theformation o fpolyurethane.
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In the presence of excess isocyanate, further reaction can produce allophanates (8),

h Q
VAN :
OCN-R-NCO+ R—(—N-C—O—jppR

(5) (7)
0 H Q
R-A-N-f-C— 0-N -)y R-C—0-A-R"
’ y
(8) 1.2
O

3R-NCO
OMN~™NO

© (10

isocyanurates (10) and other secondary products:

Fig. 1-4: Thepresence ofisocyanate can lead tofurther reaction, producing allophanates

(8) and isocyanurates(l 0).

A second reaction, between the water and isocyanate, generates via an unstable
intermediate, carbon dioxide and substituted ureas (12) and is responsible for the blowing
of the foam. In the presence of excess isocyanate this reacts further to form substituted

biurets (13).

r .N=C=0 + HAD - » R-N— C— OH - - R-NH2 + CO02
H
() (11) (12)
1.4
R-NHp + RqpN3Cxp R-N-C-0-N-R
h A
(12> (5) (13)
15
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(13) (5) (14)
1.6

Fig. 1-5: The blowing reaction (reaction 1.4) caused by the production of C02from the
reaction of water and isocyanate. Excess isocyanate reacts further to form substituted

biurets (13), (14).

Carbon dioxide is an effective blowing agent for polyurethane rigid foam but due to

its high thermal conductivity it is a disadvantage in thermal insulation applications.

1.3. General Compositionl7

Generally polyurethane rigid foam formulations contain the components listed below

combined in chemically and physically balanced amounts.

Polyol: One or more, hydroxyl number approximately 450mg KOH/g polyol

Isocyanate: A polymeric MDI-type polyisocyanate in approximately 5% excess
over hydroxyl groups.

Catalysts: Up to 2wt%

Surfactants: Up to Iwt%

Blowing Agent:  FfeO up to 5wt%; hydrocarbons, CFCI3 up to 15wt%

Flame Retardant: Up to 30wt%o.
The polyisocyanate is considered as the B-component and all other components are
combined to form the A-component.

Rigid polyurethane foam is prepared in the following maimer in the laboratory.

1. The A- component is premixed.

2. Components A and B are added together
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3. The mixture is then mixed for approximately 8 seconds. At the start of mixing a

stopwatch is started so as to measure the following characteristic time intervals:

3.1. Cream time: start of volume increase.

3.2. Gel time: the foam has developed enough gel strength to resist light impressions
and is dimensionally stable.

3.3. Rise Time: end of the actual foaming process and the increase in volume.

3.4. Tack-free time: the surface of the foam is no longer adhesive.

3.5. Curing: foaming is complete and the polyaddition product gels and solidifies.

1.4. Formulation and Synthesis of Components

1.4.1. lIsocyanates 77

For rigid polyurethane foams, polymeric isocyanates such as biphenyl methane
diisocyanate or MDI (3) are mainly used. Its high isocyanate content and high vapour
pressure limit the use of toluene diisocyanate (TDI)(1 and 2). lIsocyanates are
characterised by the %NCO content and their functionality, which describes the amount of

NCO groups per molecule.

The first step in the production of polymeric MDI is the nitration of benzene (15)
followed by reduction of the nitro-group (16) to produce aniline (17). The acid catalysed
condensation of aniline in the presence of formaldehyde produces polyamines, which on
phosgénation produce a mixture of MDI products (3), (18), (19). These products usually
contain approximately 50% of the diisocyanate, predominately 4,4’-MDI(3), with
decreasing amounts of oligomers having functionalities as high as 8 or 10. The
composition of the polyisocyanates can be controlled by the aniline-formaldehyde
condensation. Strong acid catalysts tend to result in the formation of the para-isomer,
weaker acids in the ortho-isomer. Higher aniline/formaldehyde ratios produce higher

concentrations of the diisocyanate.
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NO, NH,
1. HCHO/HCI VD! mied produc
- mixed proauc
n S 2 cocL P
(16) (17)
17
MDI mixed product:
1.8
OCN
n=123.
(19)
19

Fig. 1-6: Synthesis ofpolymeric MDI
1.4.2. Polyols’

The main reaction partner for the isocyanates are polyhydroxyl compounds (polyols).
These are characterised by the hydroxyl number (OH-No. in mg KOH/g) which is
inversely proportional to the molecular weight. Polyols mainly used for rigid polyurethane
foams are low molecular weight hydroxyl terminated polyethers, polyesters and natural
products (e.g. castor oil).

Polyether polyols used in rigid foam are produced by addition of 1,2-propylene oxide
(PO) (20) and ethylene oxide (EO) to the hydroxyl group (or amino groups) of low

molecular weight molecules, usually by anionic chain mechanism:

13
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R-OH+ B’ R-0 + BH 1.10
Rl

R-O" + nHZ— CH r-l-o-c-ch-4-0

1 h2 Jn 1.11
R
(20) (21)
R' R'
(21) 22)

Fig. 1-7: Synthesis ofpolyetherpolyols by anionic chain mechanism.
Rigid polyurethane foams require polyols with a high functionality and short

polyether chains.

Polyester polyols are prepared by the polycondensation reaction of di-, or
polycarbonic acid or their anhydrides (e.g. phthalic acid, phthalic anhydride) with di- and
polyalcohols (e.g. ethylene glycol).

h+1) HO-R-OH

4) (21) 22)
1.13

Fig. 1-8: Synthesis ofpolyesterpolyols bypolycondensation.

14
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1.4.3. Blowing Agents 8

Foaming can be caused either chemically or physically. Foaming processes using
chemical blowing agents (CBAS) are regarded chemical and those using physical blowing
agents (PBASs) are regarded physical. CBAs are compounds or mixture of compounds that
liberate gas as a result ofa chemical reaction such as that which occurs during the reaction
of isocyanate with water, liberating carbon dioxide. PBAs are compounds that liberate gas
as a result of a physical process at elevated temperatures or reduced pressures. They do
not undergo chemical reaction themselves and are mostly liquids with low boiling points,
e.g. CFCs, pentane. They evaporate to gas by the heat of the exothermic reaction of

foaming.

1.4.4. Catalysts7

Catalysts are used to increase the reaction rate and to establish the proper balance
between the chain extension and the foaming reaction. They are either base-driven or
nucleophile driven (see Fig, 1-9). The catalysts most commonly used are tertiary amines
such as triethylamine, and alkali metal salts, e.g. potassium acetate. When a physical
blowing agent is used, more catalyst or a more reactive catalyst is necessary due to the
cooling effect of the evaporating solvent. In such cases, more active tertiary amine
catalysts such as dimethyl-cyclohexylamine are helpful. Catalysts are used from 0.1 to
3.0% in varying concentrations of the total reactants. Certain catalysts such as tertiary
amines affect both the isocyanate-hydroxyl and the water-isocyanate reaction, while
others like dibutyltin dilaurate promote primarily the isocyanate-hydroxyl networking of
the polyol reaction and chain propagation. The foam’s properties can be controlled by the

proper choice of catalyst.

15
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Fig. 1-9: Base driven catalysis
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Fig. 1-10: Nucleophilic driven catalysis.

16
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2.2.5. Surfactants9

Surface active agents, also known as surfactants or stabilisers have a large influence
on the fine cell structure of rigid polyurethane foam. The well-known tail-head model
(— O) is widely used in depicting simple surfactants, the tail (—) symbolises the
hydrophobic group and the head (O) the hydrophilic group. The hydrophobic groups are
mainly alkyl or alkylaryl hydrocarbon chains but siloxyl alkyl groups are also possible.
Surfactants containing water-soluble silicones have proven to have an excellent ability to
regulate cell size and cell wall stability. Two of the more common surfactants used in
polyurethane foams are dimethyl polysiloxane (23) and dimethylpolysiloxane-

polyalkylene oxide copolymer (24), the latter being primarily used.

Fig. 1-11: Chemical structure of dimethyl polysiloxane (23) and dimethylpolysiloxane-

polyalkylene oxide copolymer (24)

17
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Ethylene oxide-propylene oxide (EO/PO) block copolymers are prepared by
sequential anionic polymerisation of alkylene oxides. The molecular weight and block
composition of the copolymers determines the hydrophilic/hydrophobic balance and
controls the surfactant properties. Block copolymers sterically stabilise the formed bubble
nucleus by adsorbing onto the surface in a way that one block acts as an anchor and the

second remains flexible and extends out into the polymer matrix.

Kanner and Deckerl0 highlighted that the unique surface-active properties of block
copolymers are one of the principal reasons for the successful development of
polyurethane foam. The most important function of the surfactant is the bubble

stabilisation. Traditionally four different aspects of stabilisation have been investigated1l:

1. Nucleation. It is believed that the surfactant aids bubble nucleation by stabilising a

dispersion of air, and essentially the nucleation centres for CO2, in the foam-mixture.

2. Emulsification. This assists in the blending of the otherwise incompatible raw
materials.
3. Surface Elasticity. This provides surface elasticity to the expanding films (Gibbs and

Marangoni principle, see section 1.5.5.).

4. Surface Viscosity. This acts to retard the drainage within the membrane (cell wall) of

the foam by building up surface viscosity.

Unfortunately it is not possible to predict the ability of a certain surfactant as its
performance differs from formulation to formulation. Surfactants are generally used in the
concentration range of 0.1 to 2.0% of the total reactants. Many studies have been

conducted121314,150n surfactants and the theory behind their function is discussed later.

18
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1.4.6. Prepolymers
In the context of polyurethane chemistry, prepolymers are understood to be

intermediates of the isocyanate polyaddition. The following reaction scheme shows the

production of NCO - terminated (6) and OH-terminated prepolymers (25).

2HO-R-OH + 3 NCO—R'-NCO

(4) (5)
0]
H
0 =c = N-[-R~N—-C-0-4"-R—N=C—-0
(6) 1.1
H 0
4 HO-R-OH + 3 NCO-R-NCO - - HO— R-(-N-C—0-j*-R-OH
(4) (3) (25)

114

Fig. 1-12: Theformation ofprepolymers

Prepolymers are normally used in the production of polyurethane flexible foam rather
than rigid foam due to curing problems. However, for the purpose of this study on the
nucleation process and in the interest of being able to influence this process, prepolymers
were implemented. They are obtained by reaction of di- or poly-hydroxy compounds with
a molar excess of di- or poly-isocyanate at temperature between 70-100°C for
approximately an hour. These are classified, as isocyanates, after the percentage free NCO

groups and their functionality.
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1.5. Basic Principles ofFoam Formation

Pure liquids do not foam. Foam is also not prominent in mixtures of similar types of
materials. Bubbles of gas introduced beneath the surface of an absolutely pure liquid
rupture immediately on contact with each other or escape from the liquid as fast as the
liquid can drain away from them. For true foaming to occur, the presence of a solute
capable ofbeing adsorbed at the liquid / gas interface ofthe bubble is required.

The most widely used system of producing foamed polymers involves dispersing a gas
throughout a fluid polymer phase and stabilising the resultant foam. Rigid polyurethane
foam formation occurs by reaction of polyisocyanates and polyols in the presence of

selected catalysts, surfactants and blowing agents.

One can consider the foaming process as having four stages: the gas dissolution stage,
the cell nucleation / bubble formation stage, the bubble growth stage, and the bubble
stabilisation stage. The driving force for nucleation in a polymer is thermodynamic
instability, which is a sudden solubility change. In polyurethane foaming the solubility
change of a gas in a polymer occurs not only by saturation pressure and temperature
change but also by polymerisation. That is to say, the solubility change occurs when
isocyanate and polyol react with each other to form polyurethane. Normally the solubility
of a polymer decreases as the polymer chain growsl6 however in the case ofthe
polyurethane foaming process we can consider the gas as the solute and the polymer as the
solvent and therefore it is the solubility of the gas in the polymer which decreases.
Physically we can understand the phenomenon by imagining the gas dissolved in the
polymer being squeezed out by the grow?ng polymer chainslﬂT

The initial stages ofthe foaming process are now discussed under the following headings:
1. The Gas Dissolution Stage

2. The Cell Nucleation / Bubble Formation Stage

3. The Foam Growth Stage

4. The Bubble Stability Stage
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1.5.1. The Gas Dissolution Stagel

The first step of the foaming process is to form a gas / polymer solution. There are
two factors that need to be taken into account for this process; the amount of gas required
to saturate a polymer and the time it takes to saturate the polymer with gas. The amount of
gas required to saturate a polymer can be expressed by its solubility. In the case of
gas/polymer solution, the solubility is the maximum concentration of gas in the polymer.
The concentration of gas in a polymer is also a critical variable in determining the cell
morphology. The solubility of CO2 in a polymer is uniquely determined by the saturation
pressure and saturation temperature and is dependent of polymer type. For a particular

polymer the solubility (S) relationship is represented as follows:

S=f(Ps,Ts)

dpP + dT (1)

where Ps and Ts are the gas saturation pressure and the gas saturation temperature
respectively.

The concentration of CO2 in a polymer is equivalent to the solubility of CO2 in the
polymer if the gas saturation time is long enough to allow the polymer and the gas to mix
and to reach a stable equilibrium condition. Fick’s law is useful in the analysis of the gas
dissolution process, whereby the time required to saturate gas in polymer can be

investigated using the following equation:

F=-D— (2)
5x

where F is the molar rate of diffusion per unit area, D is the diffusion coefficient, C is the
concentration of the dissolved gas and x is the distance in the direction of diffusion. This
equation states that the rate of diffusion across a given plane is proportional to the
concentration gradient across that plane. By taking time into account the following

equation (Fick’s second law) is derived:
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dc a 8C
D (3)
9T ” ax 3x

This then can be further simplified to

. (4)

t " x2

allowing for the calculation of the required gas saturation time.

1.5.2. The Cell Nucleation /Bubble Formation Stage

As discussed, the first step in producing a foam is the formation of gas bubbles in a
liquid system. The second step is for cell nucleation or bubble formation to evolve.
Bubble nucleation can only occur after the solubility of the gas dissolved in the liquid is
exceeded. Therefore, anything that increases the concentration or decreases the solubility
of the gas in the liquid will allow increased nucleation. If the bubbles are formed in an
initially homogeneous liquid the process is called self-nucleation or homogeneous
nucleation. Heterogeneous nucleation occurs when a second phase is initially present
which allows the bubbles to form more readily at either a liquid-liquid or solid-liquid
interface. In many processes without solid nucleating agents, the liquid phase actually

contains many microbubbles of air, and they serve as sites for bubble growth with the

formation of new bubbles not necessary. This can be achieved by mechanical agitation of

the polymer liquid. The nucleation process is one ofthe most important in determining the
morphology of the foam. The number and distribution of the nuclei can affect immensely
the orientation and properties of the foam. It is very difficult to produce acceptable foams
by a self-nucleation process. Most successful foam systems contain either nucleating
agents or dispersed microvoidsl18 The majority of this study will be concentrated on the

bubble formation i.e. the nucleation of polyurethane rigid foam.
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1.5.3. Nucleation - Theories

Theoretical considerations on bubble nucleation by dissolved gas in liquids are rather
limited as compared with the case of bubble nucleation by vapour molecules. There is
even less known or understood about the nucleation of polyurethane foams. Although
authors such as Park and Younl9 have studied the rate of nucleation of polyurethane
microcellular foam, the majority of the literature reports studies of the nucleation of other

polymers such as microcellular polyester composites20 or poly methyl methacrylate2l.

It is hoped that the theoretical and mathematical analyses derived from these studies
can be adapted and applied to the study of the rate of nucleation of polyurethane rigid

foams.

The processes of nucleation, growth and coarsening combine to dictate the final
particle density produced by such a phase transformation22 that exists during the foaming
of polyurethane foam. The complete process is indicated in the following diagram, which

isaplot ofthe number of bubbles (cells) vs. time for a hypothetical transformation.

Fig. 1-13: Schematic sketch ofbubble particle number density (Nv) versus time over the

course ofaphase transformation.

The diagram is divided into the following regions:

1. The induction period, i, required to establish steady-state nucleation conditions.
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1.

2.

The induction period, t, required to establish steady-state nucleation conditions.

Steady state nucleation, where the number of bubbles increases linearly with time.

Decreasing nucleation rate, due to a reduction in supersaturation by growing bubbles.

Two possibilities exist for this region. If the system is stable (A) the amount of
bubbles will remain constant. However, in an unstable system two processes for the
elimination of bubbles take over - coalescence and / or disproportionation of gas
bubbles. Coalescence can be described as the merging of two bubbles to create a
bubble with a slight larger diameter. Disproportionation is the term used to describe
the growth of large bubbles at the expense of smaller ones . This is also referred to in
the literature as capillary-induced coarsening or Ostwald ripeningll. The number of

bubbles in both processes then decreases with time (B).

1.5.3.1. Classical Nucleation Theory 11819

Classical nucleation theory addresses the process of condensation from vapour to

liquid. The condensation mechanism is similar to that of cavitation in a pure liquid and

therefore in the literature20 the nucleation theory for condensation has been applied to

bubble nucleation in a liquid supersaturated in gas.

Fig. 1-14: Final Statesfor different types o fnucleation?

Homogeneous Nucleation Heterogeneous Nucleation

Liquid P,V

J

K o3
Solid '

At the interface At the cavity

0

Considering the free energy of initial and final states allows the associated free energy

change in an isolated thermodynamic system to be cerived. It is assumed that the initial

state of the polymer liquid is supersaturated with gas at uniform temperature, pressure,
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polymer liquid with a finite boundary. Assuming that the process is isothermal, gas in the
bubble is ideal, and volume and temperature change of the system is negligible, the

Helmholtz free energy change, AF, is given as

AF = nbRTIn -A +Avy-(P, -Pa)V, ®)
Imc 1

where nb is the mole number ofthe gas in the bubble, R is the universal gas constant, T is
the absolute temperature of the system, Pb is the gas pressure inside the bubble, Psis the
saturation pressure, A is the interfacial area, y is the interfacial energy (surface tension)
between liquid and gas, Po is the environmental pressure, and Vb is the volume of the
bubble. This is true for all cases shown in Fig. 1-14. However, the interfacial area, nucleus
volume, and the mole number of gas in the bubble are different for each case, therefore

resulting in three different kinds of critical free energy changes.

The minimum work required for homogeneous nucleation becomes :
AF = nbRT Ini —7j + [4m fr - (Ph~P0O)% n't ] (6)
. P.

where rb is the radius ofthe bubble. When the critical nucleus is generated, the free energy

with respect to infinitesimal change ofthe radius becomes zero as follows:
(7)

Therefore the critical free energy change, AF*, and critical radius, rb* are derived as
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Similarly, the free energy change for heterogeneous nucleation at the interface is derived:

AF =nkRT\a'lt + gnrbdr - [Ph- POJ% xr /][0 (10)

where

2+ 30052 - Cosd) (1)

For critical size,

\Ps'P

AF* = m (12)

For heterogeneous nucleation at the cavity:

AF =n.RTIn (13)
£J3.0)=v2- Cosa+y Cosd:+ Singa %3 (14)
Sin/3

where,
a= L p-9 (15)

2

r n N

8

\ Ps - Poy ( )

AF* = 16ny3 (16)
3Ps - P Of
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The interfacial energy, y [mN/m], which is used to calculate the free energy change
for nucleation, is determined by surface tension measurement which measures surface
tension, 6 [MN/m]. Theoretically the interfacial facial tension refers to a liquid / liquid
interface while the term surface tension is used when referring to a liquid / vapour
interface. For our purposes the values are interchangeable and therefore, y will be denoted

by the surface tension value, 6, during the rest of this work.

The rate of nucleation, calculated by classical molecular kinetics is defined as the rate
at which bubble nuclei, one molecule smaller than the critical size, gain the last molecule

for further growth. The rate of nucleation, J, is given by the following equation:

A

J = ZB'Nexp "AF (17)
KT

where Z isthe Zeldovich nonequilibrium factor that takes into account that nuclei smaller
than the critical size can be nucleated by large fluctuations near the critical size and is
typically 10'2to 10'3. N is the number of available nucleation sites, AF* is the critical free

energy change, k is the Boltzmann constant, and B* is described by

B* =WV2Twiti s(mc) <18)

where mcis the mass of gas molecules in the critical nucleus, and S(mc) is the surface area
of the critical nucleus. The number of available nucleation sites is the total number of
saturated gas molecules in the unit polymer volume. The Zeldovich factor is applied to all

types of nucleation.

As has been shown, there are two types of nucleation mechanisms: homogeneous and
heterogeneous. However, these are not mutually exclusive. The presence ofheterogeneous
nucleation sites does not preclude homogeneous nucleation. Colton and Suh24 have
investigated this phenomenon and included an expression for the homogeneous nucleation

rate in the presence of heterogeneous nucleation in their calculations
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(19)

where Jmod is the homogeneous nucleation rate modified by the heterogeneous nucleation
rate, fo the frequency factor for homogeneous nucleation and AF** is the change in free
energy needed to create a critical homogeneous nucleus after the change in potential
energy has been subtracted. The reduced concentration of gas molecules, C*o, was

evaluated using

C*0 — CO-(J re«tnh) (20)

where Co is the concentration of the gas molecules, Jhet the heterogeneous nucleation
rate, t is the time since the first heterogeneous nucléations has occurred, and nb is the

number of gas molecules in a bubble nucleus.

Amon and Denson2 have dealt with the analysis of bubble growth in purely a
mathematical sense. However, as opposed to other work where the model is based on a
single bubble growing in an infinite sea of liquid, they predict the growth of an individual
gas bubble in a gas-liquid solution, which contains a collection of gas bubbles in close
proximity to one another. The kinematics are modelled using the concept of a spherical
unit cell which consists of a single gas bubble and a hypothetical concentric Newtonian
liquid "envelope” of given mass (see Fig. 1—15). Five dimensionless parameters governing
the isothermal-isobaric growth of a cell were identified. The relative magnitudes of the

rates of mass and momentum transport were determined by the ratio of characteristic

times, 7ion defined as follows.

where, to is the characteristic time scale for diffusion and is equal to

(22)
9D
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where, V = V/ Re3, V being equal to the cell envelope divided by (47¢3), R« is the
Reynolds number and D is the diffusivity of gas in polymer in cm2sec. V was used to
demonstrate the influence of the proximity of a large number of cells on the growing
effect. The thermodynamic driving force for growth was related to the ambient pressure,
and it was shown that increasing driving force resulted in a decreasing expansion time.
They found the influence of the surface tension to be negligible and that the effect of the
initial bubble radius was limited to the early stages of growth and had little influence on

the long term progress of expansion.

Arefmanesh et al.2627 compared their mathematical study of a similar model cell in a
viscoelastic fluid with limited amount of dissolved gas, to that of a Newtonian fluid
studied by Amon and Denson25. It was found that the presence of initial stresses in the
viscoelastic fluid significantly delayed the growth dynamics. With no initial stress, the
growth rate was faster than in the Newtonian fluid. This is due to the stresses opposing the
bubble expansion in a viscoelastic medium. However, this difference in growth rate has

only a significant impact on the growth rate at the early stages ofthe process.

The following diagram, Fig. 1-15 illustrates the model cell as described in references
25, 26 and 27. The bubble comprises of a sphere of radius R, containing a mixture of
polymer and gas, encapsulating a gas atmosphere with a internal pressure of Pg. The

bubble is surrounded by the polymer.
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Fig. 1-15: Schematic diagram ofa bubble andfluid "envelope™ as described in references

25, 26 and 27.

In order for a nucleus with radius r to grow, an excess gas pressure Ap sufficient to
overcome the surface tension, 8, (between the gas and the bulk) is needed. Otherwise the
nucleus shrinks and disappears. As is described in the following section the pressure is

given by the following equation:

Ap A
(23)
Therefore, a nucleus needs a critical radius, r*, in order for it to grow
«~ 25
Ap
(24)

This is equal to equation (8) and is calculable.
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Fig. 1-16: Ideal and realpressure drops during the initial stage offoamformation.

For the maximum number of nuclei to form an ideal rapid pressure drop is
necessary28 as depicted in Fig. 1-16. Realistic is a pressure drop over a period oftime. At
ti a certain amount of nuclei form and grow. At time t2 more nuclei form but
comparatively less due to the competition from the nucleation and growth atti. This is the
reason why nuclei of various sizes are present resulting in a less homogeneous cell
structure. For a homogeneous cell morphology a rapid pressure drop is necessary for the

simultaneous production ofnuclei with the same size.

31



An In-Situ Study ofthe Nucleation Process ofPolyurethane Rigid Foam Formation

1.5.4. The Bubble Growth Stage

A bubble once formed may grow by diffusion of gas from solution in the liquid phase
into the bubble. For a given foam volume, the system will be more stable with fewer
larger cells than with more smaller cells. This factor favours the coalescence of cells. One
must also take into account that, at equilibrium the gas pressure in a spherical bubble is
larger than the pressure in the surrounding fluid, as given by the equation 23. It also
follows that the gas pressure in a small bubble is greater than that in a large bubble, with a

difference, according to the Laplace equation, of,

Ap=58 Lpt (25)
Vn rij

where Ap2is the difference in pressure between the two bubbles having a radii ofri and r2.
Therefore the gas will tend to diffuse from the smaller bubble into the larger one, a

process which is termed as disproportionation16.

Fig. 1-17: Strutformation - the meeting o fthree bubbles (see also Fig 1-19).P 1 is the gas
pressure in the strut, P2 is the internal bubble gas pressure and P3 is the gas pressure in

the cell walls.

Since the curvature in the lamellae of the foam is greatest in the struts, there is a

greater pressure across the interface in these regions than elsewhere in the foam. Since the
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gas pressure inside an individual bubble is everywhere the same, the liquid pressure inside
the lamella at the highly curved strut (P1) must be lower than in the adjacent, less curved
parts of the strut (P3) (see Fig. 1-17). This causes drainage from the lamellae into the
struts. Foams are destroyed when the liquid drains out from between two parallel surfaces
of lamella, causing it to get progressively thinner. When it reaches a critical thickness (50

-100A) the film collapses.

During the early stages of foaming, when the gas volume is small, bubbles are
spherical in shape. As the bubble volume grows, however, the fluid phase becomes
insufficient to maintain the spherical shape, so the bubbles take on polyhedral shapes,
with the polymer fluid distributed in thin membranes between two adjacent bubbles and in
the struts where three bubbles have come into close proximity. Studies on the foam
morphology of polyurethane rigid foam have shown that the average bubble (cell)

shapes of the finished foam are 4-, 5- and 6- sided polyhedral (see Fig. 1-18).

Fig.1-18: An SEM image ofthe polyhedral structure ofpolyurethane rigidfoam.
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1.5.5. The Bubble Stability Stage33l'3®

When a cell expands, the concentration of adsorbed component is reduced. This
concentration may be restored by one of two processes: The surface layer can flow from
areas of low surface tension to those of high surface tension (low concentration), or
surfactant in the interior of the liquid can diffuse to the surface. In the first case, called the
Marangoni Effect, the surface flow is believed to drag underlying layers of liquid along
with it, thus restoring film thickness. This process thus enhances film elasticity and
resilience. The second process, known as the Gibbs Effect replenishes surfactant

concentration at the surface, but does not restore liquid to the film, hence it is not self-

healing.
Ghis filM elasticity Marangoni effect
T-dt
Compressed rodiol i
lamella,
1 it*dn
Initial state
nnfmmftnm
»
/ I
T*o* Stretched
) lamella.
rtdr A+IA StEAl ] TAT -tf-
Arrows: direction of forces Arrows: direction of material

transport (surfacfant-waier)

Fig. 1-19: The Gibbs and Marangoni effects - n is the spreading pressure of the
surfactants and is equal to So-5. Note that y is the interfacial tension and is equal to the

surface tension, 5.

The temperature of the foam can also affect the stability. An increase in temperature
reduces both viscosity and surface tension, making the thinning of membranes easier, and
potentially leading to the rupture of membranes (cell walls) that are too thin to withstand

existing stress. Conversely, a rise in temperature also increases reaction rates, which can
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be favourable in those foams where ultimate stabilisation depends on further
polymerisation.

Cell walls may be thinned by drainage due to gravity and capillary action, which
sometimes can lead to excessive thinning, followed by rupture. In certain cases the
surfaces of a very thin film attract each other by van der Waals forces, also favouring

continuing thinning.

Polymeric foams have another major stabilising influence, that is, a rapid increase in
viscosity. In polymerising foam systems, polymerisation proceeds at the same time as
foaming, and reaction rates are catalysed so as to give at least moderate molecular weight

and viscosity by the time the foam rise is complete.

Successful closed-cell foams are produced when the cell membranes are sufficiently
strong (elastic) to withstand rupture at the maximum foam rise, and the modulus of the
polymer is increased rapidly to a high level so that the cells are dimensionally stable in
spite of the development of a partial vacuum within the cells. This is achieved most easily

in relatively high-density foams or in highly cross-linked foams.
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1.6. Interfacial Phenomena3)3L,32

1.6.1. Surface Tension

Cohesive forces of a condensed phase become anisotropic in the phase boundary
region, and their normal component becomes smaller than the parallel component. This
simplified is projected onto a two-dimensional surface (Gibbs "dividing surface™). The
tensile stress resulting from the anisotropic forces in the boundary region is then termed
the interfacial tension. This corresponds to the reversible work required to particles from
the volume phase to the interface during enlargement of the former and thus
thermodynamically corresponds to the increase in free enthalpy of the system per unit

surface area:

where G is the free enthalpy, A the surface area, and 5 the surface tension [mN/m].
Several methods - static, detachment and dynamic - are available to measure both the
interfacial and surface tensions. Static methods measure the tension of practically
stationary surfaces, which have been formed for an appreciable time and usually offer a
greater potential for accurate measurements than detachment methods. Dynamic methods
depend on the fact that certain vibrations of a liquid cause periodic extensions and
contractions of its surface, which are resisted or assisted by the surface tension. Dynamic
methods of measuring surface tension include capillary wave spectroscopy. The capillary
height method and the maximum bubble pressure method are considered as static
methods, while the drop weight method and the method of the sensile drop are
detachment methods. Other detachment methods, which are based on the formation of a
film of the liquid and its extension by means of a support which temporarily adheres to
the liquid, are the plate method (Wilhelmy plate) and the ring method (Lecomte du Noiiy

tensiometer).
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1.6.2. Curved Interfaces - The Kelvin Equation

Due to surface tension, there is a balancing pressure difference across any curved
surface, the pressure being greater on the concave side. For a curved surface with
principal radii of curvature ri and r2 this pressure difference is given by the Laplace

o1
equation !

(25)

which, for a spherical surface, reduces to

(23)

The vapour pressure over a small droplet, where there is a high surface/volume ratio, is
higher than that over the corresponding flat surface. The transfer of liquid from a plane
surface to a droplet requires the increase of energy, since the area and, hence, the surface
free energy ofthe droplet will increase. Ifthe radius of a droplet increases from r to r+dr,
the surface area will increase from 4m2 to 47i(r+dr)2 and the increase in surface free
energy will be 8nyr dr. If this process involves the transfer of dn moles of liquid from the
plane surface with a vapour pressure po to the droplet with a vapour pressure pr, the free
energy increase is also equal to dnRT In prv po, assuming ideal gaseous behaviour.

Equating these free energy increases,

dnRT In— = 8;i§ r dr (27)
po
and since
dn = 47irdr — (28)
M
then
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dnRTIn"=— = — (29)
po pr r

where pris the density of the liquid, Vm s the molar volume of the liquid and M is the

molar mass.

1.6.3. Capillaritﬁ“’35

An important phenomenon arising from surface tension is the elevation of a liquid in
an open tube of small cross section, known as capillarity. If the tube is a cylinder ofradius
r, the liguid makes contact with the tube along a line of 2nx. Ifthe cylinder is considered

to have a height h , then along with its liquid-vapour film, the total upward force is
F = 27tr8Cos0 (30)

The downward force, w, is equal to the weight-density pg times the volume, which is

approximately 7trzh i.e.

w=pg7trah (31)
Since the cylinderis in equilibrium,

pg”"~h = 27tr8Cos0 (32)

From this we can clearly see the inversely proportionality ofthe surface tension to the
radius of the capillary tube. If we take this basic physics and apply it to the physics of
foam formation we can postulate that the higher liquid pressure (larger radius, r) in the
cell walls and the lower liquid pressure (smaller radius, r ) at the strut is the reason why
the polymer matrix flows from the cell walls to the struts. This leads to the following
assertion: in order to increase the flow of the polymer matrix from the cell walls to the

struts the following parameters must be varied:

a) increase the surface tension value
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b) increase the difference in radii

c) decrease the viscosity ofthe polymer.

1.6.4. Viscosity *°

Turner et al.36 expressed the importance of the influence of the viscosity of the
polymer on the foam formation, stating that the polymer viscosity should be as low as
possible for adequate flow from the walls to the struts and then increase rapidly for foam
stability. This thinning process is related to the viscosity as shown in the following

equation:

(33)
2471

where v is the polymer flow from the wall in to the struts, r| is the viscosity, c is the cell
wall thickness and Ap* is the pressure difference as a result ofthe increase in difference in
radii as suggested in b) in section 1.6.3. In polyurethane rigid foam at least 90% of
polymer flows into the struts leaving 10% or less in cell walls. Glicksmann37postulated
that the strut fraction was probably due to the increase of polymer viscosity with respect

to the surface tension during foam formation.

1.6.5. Colloids and Micelles3l

A colloid is a dispersion of small particles (< 500nm) of one liquid in another. In
general, colloidal particles are aggregates of numerous atoms or molecules, but are too
small to be seen with an optical microscope. They are relevant to the discussion of
surfaces because the ratio of their surface area to their volume is so large that their
properties are dominated by events at the surfaces. The polymer bulk can be considered as
an emulsion with the surfactant as an emulsifying agent, stabilising the product. Due to
their large surface area, colloids are thermodynamically unstable with respect to the bulk.

This expressed in the Gibbs equation (equation 26):

dG= oda (26)
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where 8 is the surface tension and da is the change in surface area.

Micelles are colloid-sized clusters of molecules. Micelles form only above the critical
micelle concentration (CMC) and above the Kraft temperature. The Kraft temperature (or
point) is the temperature at the triple point of mono-disperse solution-gel-micellar
solution and is characteristic for each surfactant. The CMC is detected by observing a
distinct discontinuity in physical properties of the solution such as turbidity, osmotic
pressure and surface tension. Non-ionic surfactant molecules may cluster together in
clumps of 1000 or more, but ionic species tend to be disrupted by the electrostatic
repulsion between head groups and are normally limited to groups ofbetween 10 and 100.
Although spherical micelles do occur, micelles are more commonly flattened spheres
close to the CMC. Some micelles at concentrations well above the CMC form extended
parallel sheets (lamellar micelles) which are two molecules thick. In concentrated
solutions micelles formed from surfactant molecules may take the form of long cylinders

and stack together in close-packed hexagonal arrays (liquid crystalline phase).

A study of surface tension and viscosity using the aforementioned theories is
necessary for a better understanding of the formation of polyurethane rigid foam in
particular to the nucleation process. For this purpose the model systems which were
implemented in the analysis of the nucleation process of polyurethane rigid foams were

used.
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Fig. 1-20: Micelle structures: (A) Spherical (anionic) micelle, (B) spherical vesicle
bilayer structure, (C) lamellar phases formed from laminar micelles, (D) inverse

hexagonalphase, (E) nematic rodphase and (F) nematic discphase’.
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1.7. Fundamentals of Thermal Insulation - Polymer Physics

A low thermal conductivity is one of the most important properties of polyurethane
rigid foam. Heat transfer through insulating materials is defined by the thermal
conductivity X, which defines the ratio of the rate of heat transfer per unit cross - sectional
area of a given thickness to the applied temperature difference and is represented by the
Fourier equation for conduction through homogenous materiaIsOO’Q. This thermal
conductivity X, can be described in terms of three distinct contributions: conduction of
heat through the solid matrix of the Xs, conduction through the gas residing in the foam
cells Xg, and the radiative heat contribution Ar. Skochdopole38 proved that the contribution

of thermal conductivity by convection is negligible at cell sizes below 3-4mm. The

following is an expression for the total thermal conductivity, X.
X —Xs+ Xg + XT (35)

1.7.1. As Thermal Conductivity Through the Solid

In order to calculate Xs (also known as the matrix thermal conductivity) it is necessary
to understand the morphology of the foam. The solid polymer forms cells with cell walls
of roughly constant thickness. At the intersection of three cells a thickening known as a
strut is observed. The polymer cells are assembled in polyhedra with average diameters

usually less than 500nm.

Fig. 1-21: An SEM image showing strut and wallformation
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Several mathematical models have been developed for the estimation of conduction
through the polymer matrix. A strut - wall design in which the majority of the polymer

lies in the struts has been agreed upon with the following equation

Xs=Xp(\-m) " (2-f9 (36)

where fs is the amount of polymer in the struts, m is the porosity and Xp is the thermal
conductivity ofthe non-porous compact polymer. From this equation it can be seen that an
increase in polymer content in the struts results in a decrease of Xs. In order to do this
thinner cell walls are necessary. This is highlighted in Fig. 1-22 which depicts the cubic
cell model. The cell consists of walls of length y and thickness z. Where three walls meet
a strut of thickness x is formed. The heat flowing in any given direction through this

model is dependent on two walls and one strut ofthe cell (i.e. the dark shaded area in Fig.

1-22).

Fig. 1-22: The cubic cell model:- heatflowing through the cell in any given direction is

dependent on two walls oflengthy and thickness z and one strut o fthickness x.
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High cellular anisotropy is also necessary for a reduction of thermal conductivity
through the matrix. This is taken into consideration where a and b are the cell diameters

perpendicular and parallel to the temperature gradient respectively:

, o\ 1/4

R =
oz L ) QY42 47) 0
1.7.2. Xn Radiative Heat Transfer

The thermal conductivity Ar contributed through radiation is 10-30% of the total
conductivity. Glicksmann in early works modelled the radiative process as radiation
across a series of parallel opaque planes with separation equal to the cell size. This leads
to the following formula where e is the cell wall emissivity, kb is the Stefan-Boltzmann

constant and d is the cell diameter'sg'

\kbr d (38)

Schuetz and Glicksmann37 measured the transmissivity of various PU cell walls and
showed that the cell walls were not opaque - this leads to a slightly higher Xrcalculated by

the Rosseland equation:

16 kbT 3
K= (39)
3 K

where K is the extinction coefficient. Experimental results show that struts of 30"m are

opaque while walls <I*im are weakly absorbing.

fsPi

Kstrat= 4.10- (40)
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K vl (H-71>1 KL (41)

By reducing the cell diameter and increasing the extinction it is possible to decrease the

radiative thermal conductance Xr.

1.7.3. Ag, Thermal Conductivity Through the Gas

The thermal conductivity through the gas can be considered using the basic kinetic
theory of gases whereby the thermal conductivity of the gas is indirectly proportional, by
first order approximation, to its molecular weight. In a typical low density closed cell
polymeric foam, of which 97% ofthe foam’s volume is filled with a low gas conductivity,
heat transfer through the gas comprises of over 50 % ofthe total heat transfer. The general

expression for the conductivity ofa gas mixture is given by the Wassilijewa equation6.

Yoo Yok S (42)

mix
w Iy:q

where yi is the mole fraction of the ithcomponent, Ncthe number of components, and Xgi

. o sth
is the thermal conductivity ofthe pure i component.

Traditional polyurethane rigid foams for thermal insulation purposes were closed-
celled. It is however possible to make opened-cell PU rigid foams and this type of foam
has recently been developed for the implementation of rigid foam in vacuum insulation
panels for the refrigeration industry4041. The basic principle behind it is the elimination by
evacuation of the contribution of the thermal conductivity of the gas to the total thermal

conductivity, reducing equation (35) as follows:
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X = Xs+ Xr+ (closed-cell)
(vacuum)
— > Xs+ \t (opened -cell) (43)

As can be seen from the previous equations, the thermal conductivity of polyurethane
rigid foams is extremely dependent on the foam morphology. In order to find a way to
minimise thermal conductance it is necessary to investigate further the foam morphology
and its formation. Of utmost importance is a greater understanding of the previously
described nucleation process during foam formation and a deeper knowledge of the
influences of different additives such as blowing agents, stabilisers, catalysts etc. is

required.
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2. Development ofExperimental Methods

2.1. Introduction

As already stated, there has been no previous detailed in-situ study of the nucleation
and foaming processes of polyurethane rigid foam. Therefore, the initial aim of this work
was to establish a possible method. This is described in detail in section 2.7. The
influence of the various components on the parameters such as temperature, pressure
(section 2.3.) viscosity (section 2.4.), and surface tension (section 2.11.) etc. was also
analysed. Their effect on the nucleation process was subsequently studied using the
method developed (section 2.8.). In this way it was hoped to determine possibilities for
improving cell formation and ultimately reduce thermal conductivity. Diagram 2-1

schematically describes these aims and their relationship with each other.

variables blowing agent, surfactant, etc. on the parameters o fpressure, temperature, etc.,
it is hoped to determine their influences on the nucleation process and ultimately, by

means o fthefoam morphology, on the thermal conductivity.
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A model A-component was formulated for the purpose of this research. It was
comprised of a mixture of polyols, a blowing agent (BA), a surfactant and a catalyst

mixed in the following manner:

Polyol: i) a polyol with starter materials of sucrose, 1
glycerine and propylene oxide; OH No. 380 -420.
ii) a polyol with starter materials of propylene - 96%

glycol and propylene oxide; OH No. 235-260.

Dipropyleneglycol J
Surfactant: | 1%
Blowing Agent: H20 (A) 2.7%
Catalyst: Dimethylcyclohexylamine (i) 0.3%

This system had at 25°C a density of 1.019g/cm3and a viscosity of 819mPas. This was the
basic formulation for all experiments, the components of which were only changed with
respect to the experimental aim. In other words, for example, when the effect of the type
ofblowing agent in the A-component on the nucleation process was investigated, then the
type of blowing agent was changed but all other components and amounts of the

components ofthe formulation remained the same.

The B-component was a M20A, an MDI-type polyisocyanate with a free NCO
content 0f31.5%. At 25°C it had a density of 1.2369/l and a viscosity of 201lmPas.
A and B components were mixed in a ratio of 40:60 at 25°C in the usual manner (as

described in section 1.3.) with characteristic times as follows:

Cream time ~ 60s +10s
Geltime ~ 200s £10s
Rise time ~ 300s +10s
Density ~ 55¢g/1 + Ig/1

This model system is considered very slow and therefore suitable for analysis. This is

necessary as normal foaming systems with rise times of circa 10s would be impossible to
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analyse. The applicability of the results obtained from the in-situ method to real systems
with such fast reaction times, is studied later (section 4.1.)

Within this research the formulation of the A-component has been varied for the
purpose of the analysis of the foaming process. As explained the basic content of the A-
component remains the same. However, according to experiment the surfactant, blowing
agent (BA), or catalyst, in each case amount and / or type, has been varied. For the
purpose of clarity, the formulations will be abbreviated in such a manner throughout this

work:

Blowing Agent (Surfactant/ Catalyst)

where the blowing agents will be represented by a roman capital letter (A, B, C), the
surfactants will be represented by a capital roman numeral (I, Il, Ill, etc) while the
catalysts by a small roman numeral (i, ii, iii, etc.). Under this system the former
formulation is represented by A(l/i) since it is the first system introduced. Further
formulations will be appropriately introduced before dealing with the experiment. An
additional explanation of all formulations can be found in Table on the following page.
For convenience purposes, enabling quick cross-referencing this table is repeated in

Appendix 1and on the bookmarker provided.
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Table 2-1: Clarification of the formulations of the A-components used throughout this
work.
Ay B(I/i)y B(II/) B(I/) B(IV/i) B(V/i) B(l/ii) B(l/iii) B(l/iv) C(V i)

A-Componcnt
Polyol 1 / y
Polyol 2 /
DPG* / /
W ater / y

Cyclopentane / y
Perfluorohexane

~ ~ \<
<< ™

<
< k<

Surfactant

(HLB-Value):

I (1.38) / / y y y

Il (1.15) y

111(1.77) /

IV (4.18) /

V (5.35) /

V1 (0.87) y
Catalyst:

ch,h / / y / / y
cbth,h?2 y

ClIHZioh y

G y

Emulsifier:

C|2Hqo3SF7 y
Polyol 1= a polyol with starter materials of sucrose, glycerine and propylene oxide; OH No. 380 -420.
Polyol 2 = a polyol with starter materials of propylene glycol and propylene oxide; OH No. 235-260.
*DPG = dipropylene glycol

Initial experiments included in-situ FTIR, thermal and pressure analyses and dynamic
rheology. These provide information on the macro process during foam formation and are
intended as both an overview of the process and to later support theories on the micro
processes.

In the search for a suitable in-situ method, positron emission tomography and two-
colour dynamic light scattering were considered. The successfully developed in-situ
method of analysis using a stereo microscope is then discussed in detail as are the

experiments carried out using this method.
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2.2. In-Situ FTIR Spectroscopy

A 50cm3cubic cardboard mould through which an AgCI/Br MIR fibre (1000("m) was
sewn horizontally 1.5cm from the base was used as the sample *“cell”. The fibre was
connected to a Nicolet Magna IR Spectrometer 750. The A-component used was of the
type A(l/i). A total weight of components A and B of500g (ratio 40:60) was mixed for 9s
and subsequently poured into the mould. Spectra were taken at 2-second intervals for 10

minutes.

2.3. Thermal and Pressure Analysis

The foaming process is a highly exothermic reaction. The temperature of the reaction
was followed using two methods. The first method involved the insertion of a NiCr-Ni
thermocouple into the base of a 50cm3 cubic cardboard mould. The thermocouple was
initially placed 1cm from the base. The A- and B-components were mixed (A-component:
A(1/i)) in a ratio of 40:60 at 25°C for 9s and then poured into the mould. Temperature
readings were taken at set intervals and a plot of temperature against time demonstrated
the exothermic process of foaming. The experiment was repeated and the thermocouple
moved to 5 cm from the base in order to account for the foam growth. The entire process
was repeated for the A-component B(l/i), with cyclopentane as the blowing agent, and
subsequently for the A-component C(V /i), with perflurohexane as the blowing agent (see

Appendix 1 for clarification ofthe formulations of B(I/i) and C(VI/i).

The second method was coupled to the measurement of the internal pressure using
ultrasound. The foaming took place in a form placed beneath an ultrasound sensor. Again,
the A- and B-components were mixed (A-component: A(l/i)) in a ratio of 40:60 at 25°C
for 9s and then poured into the mould. Using a foam height measuring instrument
(LRS3V3 from Vogt / Prosa GmbH, Hannover, Germany) the increase in foam height
during foaming was measured by ultrasound, from which the rate of volume increase was
obtained. A built in thermocouple simultaneously observed the reaction temperature. The
internal pressure was computationally obtained from the change in temperature and
change in volume at a given time. Again, the experiment was repeated using B(l/i) and

C(V1/i) as the A-components.
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2.4. Dynamic Rheology

Rheological measurements were carried out on a Haake VT500 rheometer using a
neofrakt®-mixer at a mixing speed of 700rpm with 40g cup samples at 25°C. The samples
resistance to flow against a given rate of revolution is measured from which its viscosity
is calculated. The change in viscosity as a function of time was noted and graphically

represented.
2.5. Positron Emission Tomography

Positron emission tomography is more or less exclusively a medical imaging
technique, few attempts being made on its implementation in non-clinical applications42.
With the aid of short-lived positron emitting radionuclides it was hoped to visualise the
nucleation process. For this purpose a Siemens ECAT HR Positron Emission Tomograph
at Arhus University Hospital, Denmark was used. was the short-lived positron
emitting radionuclide used. Two different radiolabelled compounds, [170]water and
[170] butanol, were added respectively to the B-components (A(l/i)). The reaction
between isocyanates and [1”70]H 20 generates an amine and [*0]C02. The [*0]CO02 is
trapped in the gas bubbles and should therefore enable the visualisation of nucleation and

foam growth:
o
R-N=C=0 + H2H — » R—N—C—OH R—NH2 + C1H2
) (28) (12) (29)

21

Fig. 2-2: The reaction between isocyanates and radio-labelled H2 O generates an amine

and radio-labelled detectable CO2

The results obtained were compared to those from labelling with [*O] butanol,
which is introduced directly into the molecular chain of the polyurethane as an ending

block:
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OCN-R-NCO+ HLACACACJOH —eh OCN—R—N—C— O—CtHg
H H?

(5) (30) (31)
2.2

Fig. 2-3: Isocyanate (5) and radio-labelled butanol (30) produces a radio labelled NCO

terminatedprepolymer (31).

The [1~0]water A-component was mixed with the B-component in the usual manner
(ratio of 40:60 at 25°C) at which time scanning was started. The method was repeated
using the [170] butanol A-component. It was assumed that [*O ]Jwater and [*0]butanol

reacted with the diisocyanate as postulated above.

2.6. Two- Colour Dynamic Light Scattering

A- and B-components were sent for two colour dynamic light scattering analysis to
ALV-Laser Vertriebsgesellschafl mbH, Langen, Germany. The aim was to measure the
size of the initial nuclei formed, providing perhaps an experimental value for the critical
nucleus radius, r* (Equation 8). The components (A-component: A(l/i)) were mixed in the
usual manner (total weight 10g) and analysed using an ALV- NIBS/HPPS High
Performance Particle Sizer which operates on the two-colour dynamic light scattering
principal43. The cross-correlation function and light scattering was measured with respect

to time.
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2.7. In-Situ Microscopic Analysis - Part1 - Method Development

Nuclei formed during rigid foam formation have initial sizes in the range of 1|im -
40lam, 40|im being their average size at cream time. It is possible to visualise these sizes,
even in the opaque medium of foam, using light microscopy. However, it is not possible
to observe nuclei under I(im using this method. For this purpose the two-colour dynamic
light scattering experiment in section 2.6. was conducted. Therefore, an in-situ
microscopic analysis of polyurethane rigid foam was developed using an Olympus SZX-
12 stereo microscope, proving to be the only viable method of analysis. A brief
description of the fundamentals of light microscopy follows. The steps taken in the

development ofthe process are subsequently discussed in detail.

2.7.1. Fundamentals ofLightMicroscopy

Lightis a form ofradiant energy absorbed or emitted by spontaneous energy changes
ofbonding electrons initiating transitions between energy levels in the outer electron shell
of an atom. In the electromagnetic theory by Maxwell, light is regarded as superimposed
oscillating electric and magnetic fields carrying energy through space in the form of
continuous waves. According to quantum theory, energy is transported discontinuously in
individual bundles called photons. The effects of interaction of light with matter observed
in optical microscopy are primarily wave-like in nature and can therefore be explained by

wave mechanics.

A simple microscope consists of two convergent lenses. The principal beam paths for

microscopical imaging are (see Fig.2-4):

Beams, which propagate parallel to the optical axis, pass the back focal point.

All beams, which pass the lens through the optical axis, do not change direction.
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Fig. 2-4: Schematic illustration ofa simple microscope with an objective and an ocular

lens withfocal points ofFi and F2 and distances offob and focrespectively on the optical

axis (OA). Beam paths indicate the generation ofa real, inverted and magnified image P

ofan object P.
Using these principal beam paths the imaging of convergent lenses can be found. The

lens equation describes the relationship between the focal distance f and the object and

image distances (do, d 0)

11,1 (44
p ; (44)

The lateral amplification of the objective Ai and the total magnification of the optical

system Mtare given by

Ai = oz e (45)

] 250
Mt= Ai Mac, where Moc =
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However, scientific microscopes generally incorporate optical elements such as
prisms, polarisers and mirrors into the beam path between the objective and the ocular
lenses. This can be achieved by using objectives with an infinite image distance. If the
object is then placed in the focal plane, all beams emitted from one point of the object are
parallel after passing the objective. To obtain an image at infinite distance a third lens, the
tube lens, is needed. This lens produces a real image, which can be magnified by the
ocular lens. The tube lens is characterised by the tube factor g«. The total magnification

then, is written as:

Mt  Mobj gooM oc (46)

The wavelength of light ranges from 360nm (violet light) to 780nm (red light). When
light impinges on a bubble it is partially reflected at the surface without preference for any
colour. The rest of the light enters the substance and propagates as refracted wave within
it. Therefore, the bubble appears colourless. Their outlines are however visible because of

the reflection ofthe light at the surfaces.
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Fig. 2-5: Beam path in a compound microscope (takenfrom reference 44) with a tube
lens to convert the intermediate image o fthe objectivefrom infinity into afinite distance.
In the region ofparallel beam paths between the objective and the tube lens, additional

optical elements, e.g. polarisers orprisms, can be assembled without disturbing imaging.
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As with any method development the relationship between the responses and the
factors of a given experiment is exploited by optimising the technique. In detail the

method development process consists primarily ofthe following steps:

1. Determination ofthe target (In-situ analysis ofthe nucleation process)

2. Determination of the factors, factor ranges and factor constraints (temperature
dependency, speed ofreaction, size of nuclei)

3. Generation of method design

4. Realisation

5. Optimisation ofthe method (correction of observed nucleation number)

6. Experimental and mathematical validation (reproducibility and statistical viability of

method).

These steps will be discussed more clearly to give an accurate account of the

development ofthe method.

2.7.2. Determination ofthe Target

The aim of this research is the in-situ analysis of the nucleation and formation of
polyurethane rigid foam. By studying the effect of the various components it is hoped to

exploit these influences for the production ofrigid foam for thermal insulation purposes.

2.7.3. Determination of the Factors, Factor Ranges and Factor

Constraints

Factors influencing this method included the mixing process and the temperature
dependency. Mixing must be fast, and, ideally, lead to a homogenised reaction mixture
while the temperature development of the sample under observation must be the same as
the temperature gradient during foaming in the beaker. These were accounted for in the

following manner:
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2.7.3.1. The Mixing Process

The principle aim of mixing is to create as large an interfacial area as possible
between the two components and the blowing agentd Fine primary droplets or gas
bubbles have a tendency to coalesce, i.e. a part of the work done in forming interfacial
area is wasted. During the production of fine bubbles the size distribution of the bubbles
is as a result of a continuous process of dispersion and coalescence. The coalescence
process depends chiefly on the state of flow in the mixing device.

With this in mind, the mixing process was studied under the following key points:
amount of reactants, type of stirrer and duration of mixing. The amount of reactants must
be substantial enough to allow for homogenous mixing and yet small enough to enable a
short mixing time. For mixing purposes the system had a viscosity of 984mPa. Four
different stirring methods were studied. Method 1 was carried out using a turbine mixer,
methods 2 and 3 using a paddle mixer and method 4 using a propeller type mixer (see Fig.
2-6). Speed is essential. One must homogeneously mix the components, take a sample,
place it in the sample chamber, place the chamber under the microscope and start

following the process within a matter of seconds.

Fig. 2-6: Thefour different stirring methods as described in text including a schematic
representation o fthe stirrers used; 1 is a turbine mixer, 2 and 3 are paddle mixers and 4

isapropeller type mixer.
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The previous diagram shows the various methods studied. Initially a 150ml
Lupolene® beaker was used in which 10g of reactants were mixed using a turbine mixer
(Vollrath® -Mixer) with a 36.50mm diameter. The second and third attempts involved the
use of a 10ml (5¢ of reactants) and 2ml (lg of reactants) vials with customised paddle
mixers with diameters of 11.50mm and 4.25mm respectively. Finally, a syringe was
considered. By using a 1ml single-use syringe and a customised propeller type mixer with
a diameter of 1.80mm, it was hoped to minimise the amount of air entering the sample
during mixing. An additional advantage was the reduction of the sample transfer time
from the bulk to the sample chamber by injecting the mixed reactants directly onto the
microscope slide. The B-component followed by the A-component was drawn up into the
syringe. The stirrer was inserted through the top ofthe syringe and after mixing, a sample
was injected on to the slide. Mixing times for each experiment are 5sec with a turning rate

0f2400rpm.

The four methods of mixing were tested and each proved to be a feasible method. The
injection method (method 4) was compared with the beaker method. For both methods the
model A-component A(I/i) and the B-component (M20A) was mixed in a ratio of 40:60 at
room temperature. Each analysis was carried out ten times from which an average number
ofbubbles per area observed and average bubble diameter was calculated. The results were
surprising. It was expected that by using the injection, where the amount of air introduced
by mixing would be minimised, smaller bubbles would be produced. However, the size
(see Fig. 2-7) and the amount ofthe bubbles (Fig. 2-8) increased. This was probably due to
the inhomogenity ofthe mixture, which was as a result of the design of stirrer. Similar tests
were carried out on the other stirring possibilities with the result that the initial stirring
method suggested proved to be the most suitable due to the homogeneity and speed of

mixing.

Ofthe four different methods studied, the first stirring method (turbine mixer) studied
was considered the most suitable. Using this method the model A-component A(I/i) was
mixed with the B-component in the usual manner. The stirrer, stopwatch, and macro (see
section 2.7.4.2.) were started simultaneously. Using a spatula, a sample with a diameter of
approximately 2.5mm was placed in the sample chamber which was quickly placed under

the microscope.
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Fig. 2-7: Average bubble diameter growth; comparison of the beaker and injection

methods, described as method 1 and 4 in Fig. 2-6, using the A-componentA (1/i).

10 Cr$am Time Gel Time

! 0 Beaker

4>
S ® Injection

55
<H "% -4- <

b a Qoooodd o

Y 1 3 f
It 2

+

0 50 100 150 200 250 300
Time[s]

Fig. 2-8: The average number of bubbles analysed per photomicrograph (area equal to
0.7/um2; comparison o fthe beaker method to the injection method. The A-componentA (1/i)

and the B-component (M20A) were mixed in a ratio 0 f40:60 at room temperature.
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Each experiment was repeated ten times and the total number of bubbles at a given
time analysed. This ensured that a maximum of at least one hundred bubbles was counted
at the earlier stages of foaming, including cream time. This allowed for a more statistically
valid value of the nucleation number (NZ) and bubble diameter (see section 2.7.6.1.). Due

to bubble growth the amount of bubbles to be seen in any one photomicrograph decreased

after that.

The duration of mixing is as influential as the type of mixing. Over agitation could

destroy bubbles while under agitation could lead to inhomogenity.

In order to examine the effect ofthe mixing time on the foaming process and to ensure
homogeneous mixing, photomicrographs of the unreacted A-component A(l/i) were taken
after 0 sec, 5 sec and 9 sec of mixing. As expected, an increase in bubbles is observed (see
Fig. 2-9) which is due to the longer mixing time indicating that mixing up to 9s does not
destroy the bubbles. This is long enough to ensure homogeneous mixing and yet fast
enough to allow for a quick transfer of the sample from the bulk to the microscope for

analysis ofthe early stages of foaming.
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Fig. 2-9: A study on the influence ofthe increased mixing times on the size and number of

bubblesper 10jim2ofunreacted A(l/i). (Using stirring method 1 in Fig. 2-6 at 2400rpm).
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It is hoped to draw a relationship between the bubbles appearing due to the mixing
and the bubbles, which are suspected nucleation sites which, appear within the foams
cream time. Kanner and Deckerl0 have also studied foam formation under similar
conditions. They noted that the number of bubbles observed at this early stage, which are
introduced by the process of mixing, is more than sufficient to account for all of the cells

presentin a final foam.

2.7.3.2. Foaming under Controlled Temperature Conditions

As has already stated in section 1.4.3. the foaming process is a highly exothermic
process. Therefore, if a significant amount of heat was lost from the sample under
observation to its surroundings, the temperature development of the sample under
observation would not represent the temperature development of the sample in the beaker.
The surface to bulk ratio of the sample is quite large, resulting in a large heat loss to its
environment. In order to compensate for this heat loss and thus making the results
comparable to those obtained from the beaker, a heating mantle was attached to the
microscope's table, thus preventing the loss of energy in the form of heat to its
surroundings, providing an adiabatic system. Using compounds with known melting
points, the heating mantle was calibrated. The results obtained from the thermal analysis
(section 3.2.2.) of the foaming process established the programmable heating rates.
Sample preparation was carried out as normal however, the time of the first images
recorded was delayed due to the extra time needed to insert the sample chamber into the
heating chamber. A further disadvantage generated by the heating mantle was the reduced
field of view as there was only a pinhole for viewing to prevent heat loss. The foaming of

model A-components A(I/i), B(1/i) and C(I/i) was analysed.

For each experiment the temperature was held constant at 25°C up until cream time,
from which time the following heating rates were used: for the foaming of the A-
component A(l/i) a rate of 10°C/s was used, for B(l/i) a heating rate of 12°C/s was used
and for C(V1/i) a rate of 7°C/s was used. These rates are equivalent to the temperature

increase during foam formation obtained form the thermal analysis in section 3.2.2.
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F/~. 2-10: Heating Mantle.

The results were compared to those obtained without a heating mantle. It was noted
that due to the experimental set-up (i.e. the delay needed for accuracy due to smaller
sample chamber) it was difficult to clearly visualise the initial nuclei before 40s. This is
the time region of most interest. The results were independent of A-component used (i.e.
the blowing agent used). The size of the nuclei (see Fig. 2-11) deviated only after 150-
200s, which is outside our primary region of interest. Nucleation numbers for each system
(see Fig. 2-12) varied little from the results obtained without a heating mantle.
Considering this and the disadvantages to the speed and accuracy of the method, it was
agreed to continue without a heating mantle as heat loss could be considered negligible.
The applicability of the results to commercial systems is tested later in this work (section

4.1).
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Fig. 2-10: Heating Mantle.

The results were compared to those obtained without a heating mantle. It was noted
that due to the experimental set-up (i.e. the delay needed for accuracy due to smaller
sample chamber) it was difficult to clearly visualise the initial nuclei before 40s. This is
the time region of most interest. The results were independent of A-component used (i.e.
the blowing agent used). The size of the nuclei (see Fig. 2-11) deviated only after 150-
200s, which is outside our primary region of interest. Nucleation numbers for each system
(see Fig. 2-12) varied little from the results obtained without a heating mantle.
Considering this and the disadvantages to the speed and accuracy of the method, it was
agreed to continue without a heating mantle as heat loss could be considered negligible.
The applicability of the results to commercial systems is tested later in this work (section

4.1)).
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Time [sec]

Fig. 2-11: Comparison of nucleus diameters obtained while foaming (A-component:

A(l/i)) with (+) and without (D) controlled temperature conditions. * system foamed

under temperature controlled conditions.

Time[sec]

Fig. 2-12: Comparison ofnucleation numbers obtained while foaming with and without
controlled temperature conditions. Differences in nucleation numbers are negligible.

*under temperature controlled conditions.
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2.7.4. Generation ofMethod Design

2.7.4.1. Image Processing4647

Image processing is a generic term, which covers several activities related to digital
images, i.e. images that have been converted into arrays of pixels. It is used not only to
improve the visual images to the viewer, but also to prepare the images for measurement
of the features and structures present. The path from data acquisition to image analysis is

usually as follows:

Fig. 2-13: Flow diagram ofthe imagingprocess.

Image pre-processing consists of preparing images for subsequent operations. Two
main concepts which can be varied here are contrast, a fairly intuitive concept, and the
signal to noise ratio, due to electronic fluctuations or low-count signals. One can consider
these methods as purely “cosmetic” because, although it improves the appearance of the
picture, it does not modify the fundamental image content. Image processing consists of
transforming an image into another one, which is intended to be more manageable, either
in terms of interpretation or in terms of subsequent analysis. Such methods are image

segmentation and image binarisation.

Due to the lack of contrast between the nucleated cell centre and the surrounding

matrix and the growing cell diameter, it was not possible to carry out any further
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processing techniques other than contrasting. If it had been possible to binarise the
images, i.e. to get a black and white solid image, it would have been possible to write a
macro to automatically measure and categorise the nucleated cell diameters. This was not
possible and so the growing cell diameters were automatically saved at set intervals,

digitised and were subsequently measured manually and statistically analysed.

Image analysis has previously been used for the characterisation of foams and
plastic48, in evaluation of cell and strut size. It is also useful for such areas as the study of
catalysts in gas phase polymerisation49. Kanner and Deckerl0 have carried out similar
work in the sixties. In this respect, it is not a new method of analysis. Be that as it may, no
in-situ studies of the foaming process of polyurethane rigid foam and especially the
nucleation process have been previously carried out in such a fundamental manner. This is

partially due to the speed ofthe new technology used.

2.7.4.2. Implementation oflmaging Process

As discussed in the previous section, the nucleation process was examined by foaming
the model system under the microscope (Olympus SZX-12 Stereomicroscope). Before
actually analysing the nucleation process under the microscope, it was first necessary to
find a suitable imaging system for the process. Imaging processing is used not only to
improve the visual images to the viewer, but also to prepare the images for measurement
of the features and structures present. Using a video camera (JVC TK-C1380 Colour
Video Camera) connected to a computer equipped with an imaging system (analySIS 2.1,
Soft Imaging System GmbH, Munster, Germany), snapshots or photomicrographs of the
foaming process were taken (see Fig. 2-14). To acquire the maximum information from

the photomicrographs the following procedures were taken prior to analysis:

1. The microscope and the imaging system were calibrated and subsequently tested.

2. Themicroscope was adjusted to a suitable magnification.

3. A suitable light contrast was found and set, i.e. held constant thereafter.
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Finally, a macro program was written whereby photomicrographs were automatically
taken by the imaging system at a set interval of 3sec. This not only saved precious time
during the foaming process but also allowed the viewer to concentrate on focusing on the
growing bubbles. A method was developed whereby a maximum of 10g of reagent was
mixed from which a sample was taken and placed on a microscope slide between two
coverslips 0.15mm thick. A third cover slip was placed over the sample, resting on the
other two, as depicted in Fig. 2-14. This gives a 20mm x 20mm x 0.15 mm chamber for
foam growth at set intervals. The stirrer, a stopwatch and the macro were all started
simultaneously. From the photomicrographs the number of nuclei per area and their
diameter could be measured with respect to time. The rate of bubble growth could also be
calculated. Experiments were carried out at room temperature unless where otherwise

stated (for implementation of heating mantle see previous section).
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Fig. 2-14: Experimental set-up; A- and B-components were mixed in their appropriate
ratios using the stirring method 1 in Fig. 2-6. A sample was taken from the mixture and

placed under the microscope where the stages ofthefoamingprocess werefollowed.
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2.7.5. Realisation

Before continuing the discussion on method development the following terms need to

be clarified: nucleus, bubble, cell and nucleation number.

Within this work, the following words appear frequently: nuclei, bubbles and cells. A
nucleus is that which is initially formed from gas dissolution, i.e. from the nucleation
process and is in the size range < 40lam, 40”m being their average size during cream time.
Within the foaming process these nuclei grow resulting in spherical bubbles which
undergo radial growth until they are hindered by each other. They then take on the
polyhedral shape of foam cells normally with cell size > 150]xm. These words are
interchanged in this work. However, they occur at various times and stages of the whole
process which is polyurethane rigid foam formation. The nucleation number (NZ) is the
number of nuclei counted per area observed and is converted to nucleation number per

meter squared for convenience (NZ[l/m32).

Initial experiments exhibited the four characteristic regions of development as
described previously in this work and in reference 22 and can be correlated to the regions
identified in the rheological studies by Mora et al64. These regions are as indicated in the

following Fig. 2-15 and can be described as follows:

Region I: this indicates the induction period, i.e. the time required to establish steady
state nucleation conditions. This is assumed since, although the sample is
under the microscope in under 20 seconds from the start of mixing time, the
first bubbles (nucleation sites) are seen after 30 seconds. It is this region which
is of the most interest, (bubble nucleation)&4

Region I1: the number of bubbles increase linearly with time. This appears to be due to the
spontaneous appearance of more bubbles. (Liquid foam and microphase
separation) 64

Region Ill: the number of bubbles begin to reduce per observed area due to the growth of

the bubbles present. (Physical gelation)e4

70



An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

Region IV: depending on the stability of the system these bubbles grow to an end size of
approximately 250jim or are unstable, coalescence then resulting in fewer but

larger bubbles.

OA
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Time|[s]

Fig. 2-15: Schematic Sketch ofexperimentally analysed bubble growth with respect to time

in agreement to that described in ref. 22.

The nucleation number was initially counted per observed area and converted to per
square meter [1/mZ. This was not strictly representative of the nucleation number as it
took neither the volume increase nor density decrease of the foam into consideration. This
is important when analysing foams with various densities or nucleation numbers. One
needs to eliminate the error in assuming that higher density foams with finer cells,
indicates a higher nucleation number. Therefore, we convert the nucleation number
observed per meter squared [1/mZ to nucleation number per gram [1/g] (see section

2.7.6.)

Fig. 2-16 on the following page shows typical photomicrographs taken at set intervals
during these experiments, remembering that each experiment consists of a minimum of ten
“runs” (analyses) under the microscope. The nucleus diameter and nucleation number

values shown are the calculated average values from the ten analyses.
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Fig. 2-16: Typical photomicrographs taken at set intervals during the nucleation and
foam growth process. The photomicrographs were saved, digitised and manually

analysed.
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Fig. 2-16: Typical photomicrographs taken at set intervals during the nucleation and
foam growth process. The photomicrographs were saved, digitised and manually

analysed.

72



An In-Situ Study ofthe Nucleation Process ofPolyurethane Rigid Foam Formation

2.7.6. Optimisation ofthe Method

2.7.6.1. Nucleation Number Corrected[NZJ

The former diagram indicates the typical growth curve for the observed nucleus
diameter during foam formation. The typical curve obtained for the nucleation number per
square meter with respect to time is shown in the following diagram, Fig. 2-17. The
decrease in the nucleation number with time is effectively a reduction in observed nuclei
as a direct result of sample growth and not a physical reduction of nuclei. Therefore, in
order to obtain an accurate nucleation number the observed number had to be corrected

with respect to the growth and density decrease ofthe sample.

Time [3]

Fig. 2-17: Typical curve obtained when measuring the number ofnuclei per area during

foaming. Model system B(l/i) under the conditions developed in section 2.6.2.

The area of observance remains the same while the nuclei grow in an expanding
medium (see Fig. 2-17). For this purpose, an auxiliary ocular lens onto which concentric
circles were engraved was fitted to the ocular lens of the microscope. The circles’
diameters at a set magnification were measured. To calculate the volume increase and
subsequently the density decrease, a sample with diameter approximately equal to 1.omm

was placed in the sample chamber and under the microscope.
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Fig. 2-18: The nucleation number per observed area (A) needs to be corrected to include

suchfactors as the sample growth (growingfrom D\ to D2.

The sample's diameter growth was analysed with respect to time and using the
chamber's height (150|im) equal to the maximum sample height, the volume increase with
respect to time was calculated (see Fig. 2-19).The sample was weighed and the density
during the foam process calculated. Both volume and density could be mathematically
expressed as a function of time and these functions were used to correct the nucleation

number [NZC= 1/g] as depicted in Fig. 2-20.

It should be noted that nucleation numbers obtained at times less than 30s are
inaccurate (see Fig. 2-17). This is as a direct result of the lack of clarity due to the
incompatibility ofthe reaction mixture. After this time the sample begins to turn a creamy

opaque colour, improving visualisation.
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Fig. 2-19: Sample foam growth with respect to time as calculated with the aid of

concentric circles.
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Fig. 2-20: The corrected nucleation number (NZJ [1/g] with respect to time, i.e. the
nucleation number per square meter as shown in Fig. 2-17 corrected using the volume

increase (Fig.2-19) and the density decrease ofthe sample.
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A further correction was necessary when the bubble diameter was greater than or
equal to the chamber height (150jam). At this point the growing bubble, which up until
then was growing radially unhindered, is hindered and begins to take on an ellipse form
(see Fig. 2-21). The diameter of these "squashed"” bubbles was measured and the volume
of an ellipse calculated. This volume was then equated to the volume of a spherical
bubble and its diameter calculated. The ellipse:sphere factor was included in the
calculation ofthe nucleation number where the bubble diameter was greater than or equal
to 150]im. As can be seen from Fig 2-19 this correction factor is only needed after approx.

150s and therefore has no influence on the nucleation process.

Fig. 2-21: Bubble growth 2r < 150/sm, i.e. the diameter is the diameter ofa sphere; 2r >

150/jm, i.e. the diameter is the diameter ofan ellipse.
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Fig. 2-22: A comparison of the nucleus diameter values with (n) and without (f) the

ellipse correctionfactorfor bubbles larger than 150nm.
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2.7.7. Experimental and Mathematical Validation

2.7.7.1. Statistics50

Statistics has always played an important part in analytical experiments particularly in
the analysis of particle or cell size5l®253 It is important that average values obtained are
statistically correct and for this purpose each analysis was repeated up to ten times under
the same conditions. In other words, for the purpose of this work, an “experiment” is ten
analyses of the same system, the results of the experiment being an average of these
analyses. This provided, at the start time, a maximum number of bubbles (approximately
over 100) for analysis. Average (]i) values and standard deviation (a) were calculated in

the usual manner:

(47)

a = U—-e (48)

where, nisthe number of experiments and x is any given diameter value.

The precision of any analytical method is usually indicated by its confidence interval
- that is the range of values about the mean that includes a specified value of the standard
deviation. This assumes that the distribution is Gaussian, i.e. ofthe form e-x, the precise

form being:

y = oK (49)
CTyPIK

In order to test whether the obtained distribution range was actually Gaussian a
probability net was set up. The values were classified into ten groups, according to

diameter size and the percentage frequency for each group was calculated. A graph known

78



An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

as the probability net was drawn where the y-axis was the Gaussian distibution, equal to
equation 49, exponentially distributed and the x-axis was the classification. A straight line
indicated a Gaussian distribution, with an average value at y=50. A standard deviation
could be got from the graph by obtaining x values where y is equal to 15.9 and 84.1,
subtracting one from the other and dividing by two. (The values 15.9 and 84.1 are the
turning points of the integrated Gaussian curve50). Substituting these values into the above
Gaussian function, provides a value for y for every given x, i.e. it is now possible to draw
the typical bell-shaped Gaussian curve for any given set of experiments. All experiments

obtained results that proved to be Gaussian (see Appendix 2 for examples).

It is useful to depict the foaming process statistically and informatively in one
diagram. When this is done in the normal way, i.e. the absolute frequency divided into
diameter size classes, the overview is unclear, giving no real information; a narrow tall
peak in the initial stages flattening out to a broad spread by the end. If we take a growth

factor into account it is possible to produce graphs giving more information.

Assuming that the nucleation process has finished by start time (in these processes at
60s) and that all nuclei present grow at the same rate up until rise time (200s). Using the
ocular lens with concentric circles the area growth of the sample can be followed. The
area of observation (a) remains the same at set magnifications [Mt= 4 x 10s (i.e. Icm =
I(jm); a = 3.16 x 10'7'mZ] and a growth factor fgr from 60s to 200s can be calculated as

follows:

a 200 f
A J sr (5 O)
60 200 60

where, Asoand A200 are the sample area at 60s and 2005s respectively.

Continuing the assumption that all nuclei grow unhindered, we would therefore
expect an overlapping ofthe distribution at 200s and that of at 60s multiplied by fg X This,
however, does not happen due to several destabilising factors including phenomena such
as coalescence and disproportionation of gas bubbles. Therefore, this growth factor
approach can also be used as a measure of the amount of coalescence or the instability of
a given foaming process.
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2.7.7.2. Reproducibility

Having developed the method (i.e. stirring of 5g of A- and B-components in a ratio of
40:60 in a beaker for 7s; from this mixture a sample is placed on a microscope slide which
is quickly positioned under the microscope, during which time photomicrographs are
taken at set intervals) and obtained results (based on an average of 10 analyses/runs per
experiment) for the A-component A(l/i), the reproducibility of the method was tested by
repeating in full the experiment under the same conditions using the same system A(l/i).
Both the average nucleus diameter results (Fig. 2-23) and the nucleation number result
(Fig. 2-24) correlated well, lying well within their standard deviations, the standard
deviations of the average nucleus diameter for the first and second trial being 8.84|im and

7.98jam respectively. Therefore, the method was accepted as viable.

Time [s]

Fig. 2-23: The results o ftwo separate independent experiments, each the average nucleus
diameter obtainedfrom an average often repeat analyses of thefoaming ofA(l/i) under

the usual conditions.
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Fig. 2-24: The results oftwo separate independent experiments each nucleation number

being an average often repeat analyses.

Table 2-2: Ranges ofsignificant difference.

Before Cream Time - After
Cream Time Gel Time Gel Time
Nucleus Diameter [fim] + 5jxm + 10jam + 20|nn
Nucleation Number [1/g] +20%

We can say that the cell size is reproducible when the cell size before cream time is
+5(a.m, between cream time and gel time £10|im and after gel time £20|am. In other words
outside these values the results are “significantly different”. Likewise, we can say that
nucleation numbers outside, for example 1.0(x0.02) x 107 are significantly different.
These “significantly different” ranges are summarised in Table 2-2 above. In other words,
we can say that above the positive range of deviation more nuclei exist and beneath the

negative range of deviation less nuclei exist.
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2.8. In-Situ Microscopic Analysis - Part 2 - A Study of the Nucleation

Process

For the systematic analysis of the nucleation and foaming process of polyurethane
foam the effect of the various blowing agents, surfactant, catalyst, fillers etc have been
investigated microscopically. These experiments are described below. For each system
photomicrographs were taken at 3s intervals. These photomicrographs were subsequently
analysed with respect to the number of nuclei / bubbles per area and the average diameter
of these nuclei / bubbles at a given time. The number of nuclei / bubbles and their
diameters were measured manually and averaged with the aid of the previously described

imaging system (section 2.7.4.2.).

2.8.1. Influence of Gas Concentration on the Nucleation Process

The influence of the initial gas concentration on the rate of nucleation was more
closely studied by comparing experiments conducted using the model A-component A(1/i)
untreated, degassed and containing excess air. Placing it under pressure (0.8mbar) for 3
hours degassed the A-component. The system was saturated with moist air by flushing the
A-component with air for 3 hours. This was considered a sufficient amount of time for
saturation while also avoiding the possibility of flushing the blowing agent (H20) out
which would prevent foaming. The treated A-components A(l/i) were mixed with the B-
component M20A in a ratio 0f40:60. From the mixture a sample was taken, placed on a
microscope slide between two cover slips, a third cover slip being placed on top of the
sample and quickly placed under the microscope for analysis. Photomicrographs
automatically taken at set intervals enabled the subsequent analysis of the nucleation
process. This is the experimental process carried out for all analyses.

In order to establish the effect ofthe concentration of the blowing agent cyclopentane
in the A-component B(I/i) the amount of cylopentane added to the A-component was
varied. The A-components containing 0%, 10% and 20% cyclopentane were mixed with

the B-component (M20A), foamed and analysed as previously described.
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2.8.2. Effect ofBlowing Agent on the Nucleation Process

As already previously discussed (section 1.4.3.) foaming can be chemically or
physically induced. The reaction of isocyanate with water produces CO2, a chemical
blowing agent. Two further systems with different physical blowing agents were analysed.
These blowing agents were cyclopentane (Bp. 49°C at Imbar) (B(l/i)) and
perfluorohexane (Bp.54-55°C at Imbar) (C(VI/i)), which are converted to gas by the heat
of the exothermic reaction of foaming. Cyclopentane was a drop-in replacement of water
in the model system A(l/i). An emulsifier, which is required when using fluorinated
compounds had to be added to perfluorohexane-blown system. For a more detailed
explanation of the formulations of the A-components A(l/i), B(l/i) and C(VI/i) check

Appendix 1.

Table 2-3: Characteristic foaming times of the model systems with various blowing

agents.
Blowing Agent Cream Gel Core Density
Time [s] Time [s] [9/1]
A (1) Carbon dioxide 62 £5 218+10 55.6 1
B (I/1) Cyclopentane 60+5 202 + 10 56.0+ 1
C(1h) Perfluorohexane 64 +5 220 + 10 5401

The formulation ofthe A-component A(l/i) including polyols blowing agent, catalyst,
surfactant as described in section 2.1. was premixed. Cream times and gel times as shown
in Table 2-3 were set to coincide by varying the catalyst amount. The densities of the end

foams were also equal. Each system was analysed with (1%) and without surfactant.

The A-component was then added to the B-component M20A in a ratio of 40:60 and
subsequently mixed for 7s. The macro for the imaging system coupled to the microscope
was started simultaneously to the mixing., enabling the automatic shooting and saving of
photomicrographs during the process. After mixing, a sample was taken from the mixture
placed on a microscopic slide as depicted in Fig. 2-14 and placed under the microscope in
a matter of seconds. The nucleation and foaming process were followed microscopically

and the nucleation number and average nuclei diameter per ten analyses were calculated
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as previously described (section 2.7.5). This is the process that was carried out for all

experiments, varying either the A-components or B-components formulation.

2.8.3. Effect ofSurfactant Amount on the Nucleation Process

The amount of surfactant I in the A-component B(I/i) was varied from 0% to 2%. The
modified A-components were foamed with M20A as the B-component under microscope
using the method described in the previous section and the nucleation number and bubble

diameter analysed as already described.

2.8.4. Effect of Surfactant Type on the Nucleation Process

Table 2-4: A preview of the structure of the various surfactants used; m and n are the
siloxane blocks of the backbone, m being the siloxane block containing the polyol
sidechain. x andy are the ethylene oxide and propylene oxide parts ofthe sidechain m.

Values given are absolute values.

Silicone backbone Side chain

Surfactant No. n m %SiH X y
I 39 5 9.33 13 6

] 53 7 9.70 26 15

i 26 5 13.10 20 9

v 10 4 18.90 29 1

\Y 9 3 17.20 47 3

The surfactants used were commercial surfactants which are marketed under code
names. Therefore, as their structures were not known, all surfactants were structurally
analysed (see section 2.12.) the results of which are partially shown in Table 2-4 above.
They are all silicone block copolymer surfactants of type (24) shown in Fig.1-11. A more
detailed description of the formulations is found in Appendix 3. The type of surfactant in
system B(l/i) was varied with a constant concentration of 1%. The new A-components
B(1l/i), B(I1l/i), B(IV/i) and B(V/i) were foamed under microscope using the method

developed and the nucleation number and nucleus diameter analysed in the usual manner.

84



An In-Situ Study o fthe Nucleation Process o fPolyurethane Rigid Foam Formation

2.8.5. Effect of Catalyst Amount on the Nucleation Process

The amount of catalyst i (dimethyl cyclohexylamine) in the A-component B(l/i) was
varied, reducing the cream time. The aim was to determine whether the fact that foams
with more catalyst had finer cells, was due to the decrease in time for coalescence to occur
due to the faster reaction time or whether the catalyst itself had an effect on nucleation
and consequently foam and morphology formation. The modified A-components were
foamed with M20A as the B-component under the microscope using the method

developed and the nucleation number and nucleus diameter analysed as already described.
2.8.6. Effect of Catalyst Type on the Nucleation Process
The type of catalyst in A-component B(l/i) was varied, concentration remaining

constant. The new systems were known as follows (see Appendix 1 for a more detailed

description):

A-Component Catalyst

B(I/i) - Dimethyl-cyclohexylamine

B (I/ii) - 2,2,2-Diaza-bicyclo-octane

B (I/iii) - 2-(2-Hydroxy-ethoxy-ethyl)-2-azanorboman
B(l/iv) - Dibutyltin dilaurate

The A-components were foamed with the B-component M20A under the microscope
using the method developed and the nucleation number and nucleus diameter analysed

using the developed method.
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Table 2-5: Chemical structure andformula o fthe various catalysts used.

Catalyst Name

I Dimethyl -

cyclohexylamine

i 2,2,2-Diaza-

bicyclooctane

i 2-(2-Hydroxy
ethoxy-ethyl)

2-azanorbomane

iv Dibutyltin

dilaurate

Chemical Structure

CHg CH
H N
\ /
o]
rorg\ s® C—CigHjo CH3
Sn
HC4 0 ¢ clh2 ch3

0
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Formula

C8H4nN

127g/mol

c 6h 12n 2

112g/mol

CnH210 2N

199g/mol

C32H06404Sn

630.7g/mol
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2.8.7. Effect ofEmulsifier on the Nucleation Process

In the A-component C(VI/i), the perfluorohexane blown foam, an emulsifier of the
type (CgFi7So2)N(C2H40H)(C2H5), is used. The effect ofthis emulsifier was observed by
analysing foaming with the A-component C(V1/i) with the B-component, where C(VI/i)
contains no emulsifier. The experiment was repeated using the A-component C(VI/i)

containing emulsifier and the results obtained compared.

2.8.8. Effect ofPrepolymer on the Nucleation Process

Up till now the B-component, M20A, has remained constant. Here the effect ofthe B-
component on the nucleation process is analysed. This is done by means of prepolymers.
As already stated prepolymers are a prereacted product formed by reacting polyol(s) or
water with diisocyanate(s). The materials normally contain residual free isocyanates groups
for further reaction with more polyol(s) or water to produce the final polymer. Prepolymers
are not usually used in rigid foam as they retard curing. However, if one was to improve the
compatibility (by decreasing the percentage free NCO groups) between A- and B-
components, what influence would that have on the nucleation process?

To test this, three prepolymers were produced by reacting 100g of the B-component
with 2g, 49 and eg of methanol respectively at 70°C for 3 hours. After cooling, the
prepolymers were reacted with the model A-component B(l/i) and systematically analysed

using the developed method.

2.8.9. Influence ofa Filler on the Nucleation Process

If solid particles are in the system, heterogeneous nucleation will occur54 In order to
see the effect of micro particles on the nucleation process, 1% carbon and 1% latex (in an
aqueous solution) were added to A-components B(I/i). With the aid of a Coulter LS
Particle Size Analyser, using distilled H20 as the solute, the particle sizes of the carbon
and the latex was measured proving to have average particle sizes of 7.0jmi and 0.3 (im
respectively. After foaming under the microscope, the number and size of the nuclei for

each system were measured in the usual manner.
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2.8.10. Open-Celled Polyurethane Foam

Rigid polyurethane (PU) foam can either be closed-celled or open-celledss (section
1.7.3.). Until now we have been analysing the nucleation of closed-celled PU foam. In this
experiment it was hoped to analyse the nucleation of open-celled PU foam with particular
emphasis on the observation of the cell-opening process. For this purpose, a model A-
component (Codename: DB006), which produces opened-cell rigid foam, was foamed
with the B-component M20A and analysed in the usual manner. Results are given in

Appendix 6.

2.9. Measurement ofEnd Cell Diameter

Using the standard test method for measuring the cell size of rigid cellular plastics
(ASTM D3576 - 77) the average cell diameter on the finished foam was measured. This
method involves cutting the foam into a 5cm x 5cm-specimen sample using a microtome.
A grey dye is then sprayed on the sample enabling imaging of the otherwise opaque cells
with the aid of a stereo zoom microscope (Olympus SZH).The images were printed using
a Sony Video Graphic Printer UP-860. The average chord length was obtained by
counting the cells or cell wall intersections and averaging this value to an average cell

diameter using the following equation:

d= (51)

" (0.785)2

where d is the cell size and t is the average cell chord length, which is got by dividing the
length of the line of counting by the number of cells counted. This was automatically
carried out using a PC coupled to a Calcomp Drawing Board™. A maximum of 250 cells

was measured in order to obtain a statistically acceptable diameter average.
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2.10. Calculation ofNucleation Number (NZd)

It is possible to estimate the number of nuclei (NZcai) present at the start of foam
growth by using the value of the cell size of the finished foam. The cell sizes of finished
foam samples were measured according to the method previously described.

Assuming that the cell is spherical the cell volume (Vz) can be calculated:

vz=| 7tr O m3) (52>

where r is the cell radius. The volume of gas (Vg) is calculated using the following
equation, whereby the volume of the polymer matrix (Iml/lg) is subtracted from the

foam's total volume (Vf):

vg = (™ -1)x le12 (turf) (53)

The maximum of nuclei required to contain this volume (Vg) of gas is considered as

the nucleation number (NZ) per gram and is obtained simply in the following manner:

NZc,[l/g] = vA (54)
YA

In this way the experimental values can be compared to predicted values of the
nucleation number. Therefore, it is possible to both measure and estimate the amount of
nuclei per gram of foam. This equation is also useful in understanding that it is possible
for foams with a higher core density to have smaller cells, but the same number of nuclei.
When measuring the cell diameter values these have a standard deviation of circa. £50]im,
this consequently results in a standard deviation of 0.2 x 105 [1/g] for calculated

nucleation numbers.
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2.11. Surface Tension 563132

The surface tensions of various A-components were measured using three different

methods:
The Lecomte du Noiiy tensiometer - ring methodse (detachment method)
The pendant drop method (detachment method)

5%

Maximum bubble pressure method' (dynamic methodj

2.11.1. The Lecomte du Noiiy Tensiometer - Ring Method%

In order to examine the surface tension between a liquid and vapour phase, a Lauda
Tensiometer TE1C/3 coupled to a SAE / KM5 Epson HC 20 data handler was used. This
is based on the ring method (DIN 53 914-80). In this method the force required to detach
a ring from the surface is measured by using a torsion wire arrangement The detachment

force is related to the surface tension, 5, by the expression

8 =
4riR

[mN/ra] (55)
where F+is the pull on the ring, R is the mean radius of the ring and p is a correction

factor.

The instrument was calibrated using chromatographic H20 (S = 72.mN/m at 20°C).
To ensure a zero contact angle the platinum ring was carefully cleaned by flaming. It is
essential that the ring lie flat in a quiescent surface. The polyol sample was pre-treated by
heating to 23°C for two hours. 250ml of the sample to be measured was placed in a
beaker and heated to 25°C. The ring was automatically lowered, immersed in the sample,
drawn out of the sample and a surface tension value obtained as described in Fig.2-25.
Initial experiments were carried out on CO2 blown model system A(l/i) with varying

surfactant amounts. All experiments were carried out at 25°C.
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Fig. 2-25: The du Noiiy ring method:- the ring is held at a constant height and the sample
container is slowly moved upwards against the ring, initiallypushing the sample surface
inwards and eventually immersing the ring in the sample. At this point the sample
changes direction. The ring slowly pulls the surface of the sample, just before contact

breaks the value is taken.

In order to see whether the results correctly related to the activity of the surfactant in
the bulk, i.e. to see whether it was possible, using this method, for the surfactant to reach

the surface, a second method was considered - the pendant drop method.

2.11.2. The PendantDrop Method3l

Samples were sent to BASF AG Ludwigshafen (ZKM/D), Germany, where their
surface tension was measured using the pendant drop method. The device which is
depicted in Fig. 2-26 consisted of a light source to illuminate the drop, which hangs from
a needle containing 10ml of the sample, and a camera linked to an image processor. The
drop profile is transformed into a digitised image. A computed fit between a theoretical
drop profile and the measured profile is done in order to obtain the surface tension. All

measurements were carried out at 25°C.
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Theofcjieal ProHe

Fig. 2-26: The pendant drop method. Left: the standard apparatus usedfor the pendant
drop method. Right: the standard shape ofapendant drop.

If we consider this method as the liquid interface being blown or expanding into the
gas interface, then we can consider it as a "photographic negative" or the reverse of the
foaming process, where the gas phase is blown or expanded into the liquid phase. Keeping

this in mind, a third method was tried.

2.11.3. The Maximum Bubble Pressure Method3l

The SITA-online flO, a mobile online-tensiometer for measuring the dynamic surface
tension was used. Its principle of working is based on the maximum bubble pressure
method. The pressure, which is needed for the bubble formation, according to the Young

Laplace equation (Equation 25), is proportional to the surface tension.

Air bubbles were blown through a capillary tube into the 100ml of the sample liquid

at a set frequency. The pressure was measured and the surface tension calculated. Parallel
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to this the bubble frequency, bubble lifetime and the temperature, which remained

constant at room temperature, were measured.

Fig. 2-27: The maximum bubble pressure tensiometer. When the bubble radius, R, has
reached the capillary radius, r, a spherical bubble ofconstant volume isformed at the tip

o fthe capillary, and the pressure inside increases to a maximum.

2.11.4. Surface Tension Measurements with a Cyclopentane Vapour

Interface

An additional bubble cap (bell cap) was integrated into the apparatus for the du Notiy
ring method (Fig. 2-25) in order to have the cylopentane in the sample at equilibrium with
its surroundings by creating a cyclopentane atmosphere directly above the sample. This is
illustrated in Fig. 2-28. Again the ring was cleaned and the sample was pretreated by
heating to 23°C for two hours. Cyclopentane vapour was produced by gently heating it to
49°C (the boiling point of cyclopentane at Imbar is 49°C) and maintaining it at this
temperature. Surface tension values were obtained as for the du Notiy ring method

described in section 2.11.1.

93



An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

The first objective of this experiment was the establishment of an adequate
vaporisation time. This was done by measuring the surface tension of the sample at
various time intervals during the promotion of cyclopentane vapour, at constant surface

tension values the cyclopentane was assumed to be in equilibrium.

Fig. 2-28: A schematic representation of the apparatus used to measure S of the model
system in a cyclopentane atmosphere; x = model system with varying surfactant amounts;

CP = cyclopentane, R = radius ofthe ring and F =force.

Once the vaporisation time was determined the loss of cyclopentane from the sample
to the cyclopentane atmosphere were measured. For this purpose a sample containing 10
parts cyclopentane was weighed as was the amount of cyclopentane to be vaporised. After
a time interval the sample and cyclopentane were weighed and the cyclopentane loss

calculated and concluded to be insignificant.

Subsequently the surface tensions of the A-component B(l/i) containing 10 parts
cyclopentane, without cyclopentane and with 30 parts cyclopentane, each containing
various amounts of surfactants were measured. This was carried out under both air and

cyclopentane atmosphere. All measurements were carried out at 25°C.
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2.12. SurfactantAnalysis

The surfactants implemented in the formulation ofthe A-components in this research
are commercial silicone surfactants, of which the general structure is known. However,
for a comprehensive analysis ofthe effect ofthese surfactants a detailed knowledge of the
surfactants is necessary. Therefore, structural analysis using quantitative 1H - and 29Si-
NMR spectroscopy was carried out. The hydrophilic/hydrophobic strength of the

surfactants was also established.

2.12.1. Structural Analysis ofSurfactants

All surfactants were structurally analysed in BASF AG Ludwigshafen, Germany,

1 29
using quantitative H - and Si- NMR spectroscopy. Consequently it was possible to
estimate the average length of the siloxane backbone, the number of side chains and the

ethylene oxide: propylene oxide (EO:PO) ratio.

29Si has a natural frequency of 4.7% and due to its gyromagnetic relationship it is
approximately twice as sensitive as 13C. However, the addition of a paramagnetic
relaxation reagent is necessary as the relaxation time of 29Si is comparatively long and the
nuclear Overhauser effect (NOE) results in a reduced signal intensity. For this purpose
chromacteyl acetone (ca. 0.05 - 0.1 Mol) was added to the sample’s solvent of deuteriated

CHC13 (CDCl3).

The polymer surfactant was derivatised using trichloro-acetyl-isocyanate in order to

differentiate between primary and secondary alcohol end groups.

2.12.2. Determination ofthe Turbidity Point ofSurfactantsb/

The hydrophilic / hydrophobic strength of a surfactant is measured by its turbidity
point. The turbidity point of each surfactant was experimentally determined by dissolving
the surfactant in a 4% aqueous solution. The clear solution was slowly heated until it
turned turbid or cloudy. This temperature or turbidity point is characteristic of the

surfactant and is reversible. Therefore, on cooling the turbidity point could be verified.
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2.13. Vapour Pressure Measurements®s

To investigate the physical effect of the siloxane surfactant on the nucleation process
the vapour pressure of model A-component A(l/i), however, with three times the amount
of surfactant and without surfactant was measured in ZAT/D BASF Ludwigshafen AG,

Germany.

100mI1 of the sample was placed in a pressurised cell. The cell was cooled to -80°C
and subsequently evacuated to eliminate any air present. The sample was then heated to a
given temperature, which was then held constant. The pressure increase was noted and the
point where the sample began to vaporise, i.e. where the pressure remained constant, was
noted as the equivalent pressure of vaporisation. This was repeated for various

temperatures. The estimated experimental error lay below 1%.

2.14. CO2 Solubility

The solubility of CO2 was analysed with the aid of infra-red spectroscopy (Nicolet
Impact 420 IR Spectrometer). Three A-components were measured; A(l/i), with and
without surfactant and A(11/i) - with the intention of ascertaining the surfactant's influence
on the solubility of the blowing agent, CO2, and ultimately on the formation of nucleation
sites.

The samples were placed in a 0.0525mm CaF2 cuvette. Firstly, background IR spectra
were obtained with untreated samples, paying particular attention to the CO2 region. The
samples were then treated by flushing with CO2 for two hours after which time another IR
spectra was taken of each sample. The samples were compared to their background

spectra for an increase in CO2 peaks.

The solubility CO2 was also measured by ZAT/D in BASF Ludwigshafen AG,
Germany using the method ofthe partial pressure of CC>2 53(see section 2.13). The sample,
A(l/i), was placed in a pressurised glass cell which had a volume of 100cm3. It was
maintained at a constant temperature of 25°C. CO2 (M = 44.01g/mol, 99.9993% purity,

Messer-Griesheim) was added step-wise to the sample and the pressure ofthe cell and the
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gas cylinder was noted. The mass of soluble CO2 in the liquid phase could be calculated
from the fall in pressure in the gas-providing cylinder and the additional correction factor

for the area of gas above the liquid phase. The method was repeated using the model

system without surfactant.
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3. Results

As discussed in the introduction to the development of the experimental methods
(section 2.1.) the aim ofthis work is the analysis of the nucleation process with respect to
the different components ofthe formulations, e.g. surfactants, catalysts, fillers etc. Due to
the paucity in the literature of analyses of such a detailed nature, the results obtained from
the experiments described in the previous chapter are fundamental in the understanding

ofthe nucleation process of polyurethane rigid foam.

3.1. Foam Samples

The A-components nomenclature has been described in an earlier section (section
2.1.). Depending on the experiment, the appropriate A-component A(l/i) was mixed with
the B-component which was an MDI-type polyisocyanate (M20A), with a free NCO
content of 31.5%, at a ratio of approximately 40:60. In a 70g-paper cup mould, this

resulted in the following characteristic times and density:

Cream time « 60s + 10s

Gel time « 200s £ 10s
Rise time « 300s £ 10s
Density « 55g/1 £ Ig/1

As already stated, this is considered a very slow system and is therefore suitable for in-situ

analysis. The B-component remained M20A, except where otherwise stated.
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3.2. Macroscale Analyses

Due to the lack of experimental data regarding the nucleation process of rigid
polyurethane foam in the literature, a systematic exploration of foam formation and
growth was carried out. In order to gain a better understanding of the dynamics of the
foaming process it was decided to examine the formation of rigid form using the

following methods:

e In-Situ FTIR spectroscopy
e Temperature and pressure analyses during foam formation

 Rheology (viscosity analysis)

Although admittedly, it is the microscopic behaviour of the foam that is of main
interest in the study of the nucleation process, it is hoped that information on the

macroscopic behaviour will help with the overall understanding ofthe process.

3.2.1. In-Situ FTIR Spectroscopy

The application of several spectroscopic techniques is popular in the analyses of
foaming as they give a clear overview of the macroscopic behaviour of the developing
process. Griinbauer et alse»60 applied dynamic mechanical spectroscopy (DMS) and on-line
FTIR in their study of flexible foams. The formation of urethane, soluble urea and
hydrogen - bonded urea species during the fast bulk copolymerisation has been studied
using the adiabatic reaction method and forced-adiabatic, time-resolved FTIR

spectroscopy.

In this work the conversion of the isocyanate functional groups during the foam
formation of model system A(I/i) was monitored by in-situ infrared spectroscopy. The
isocyanate band occurs at approximately 2300-2270cm~I in the mid-infrared spectrum
and the decay in intensity of this absorbance is used to monitor the reaction. Restricting
the analysis to the carbonyl region of the spectrum, the formation of polyurea and
polyurethane groups could be followed, along with the reduction of the isocyanate during

the foaming process (see Fig. 3-2).
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Between cream time (60s) and gel time (200s) a urea band develops at around
1660cm'las the foaming reaction proceeds. The formation of urea is at least a three-step
process, its reaction scheme shown in Fig.3-1. The reaction of water with isocyanate (5)
produces carbon dioxide and an amine. Further reaction of the amine with the isocyanate
produces polyurea (12) via an unstable intermediate carbamic acid (27). After the gel time
the broad bands between 1690cm"land 1710cm'ldevelop. These are assigned to both free
and hydrogen bonded urea and urethane linkages, respectively. Values obtained correlated

well to values reported in the literature5(see Table 3-1).

Table 3-1: Comparison ofband assignments obtained to those in the literature

Group Band Assighment, cm'1
Obtained Literature
Urea 1673 1660
Hydrogen bonded urea 1690- 1700 1710
Urethane 1722 1730

R- N=C=0 + HR'

()
R-N-C-OH R—NH, R-N-C-NHR"
H
H -CO, r . N=C=0
(27) (12)
carbamic acid urea
(unstable)

Fig. 3-1: Formation ofurea; The reaction ofwater with isocyanate (5) produces carbon
dioxide and an amine. Further reaction o fthe amine with the isocyanate produces

polyurea (12) via an unstable intermediate carbamic acid (27).
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Wavanumbera{ecm-11

Fig. 3-2: In-situ IR analysis ofpolyurethane rigidfoam; carbonyl region o fthe spectra, xj

and X2 indicate cream time 0of60s and gel time 0f200s respectively. The reduction in

isocyanate is not indicated in this diagram.
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Fig. 3-3: Determination o ftheformation ofpolyureas (at 1673cmJ) andpolyurethanes (at

1722cm) atthe expense ofthe isocyanate (at 2300-2270 cm')duringformation ofA(1/i).
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By plotting the relative absorbances of the various groups against time (Fig. 3-3), a
reduction in free isocyanate is demonstrated, while simultaneously an increase in
polyurethane and polyurea concentration is observed. This is in agreement with the reaction
equations already discussed. It should be noted that the apparent increase in isocyanate
before 100s in Fig. 3-3 does not indicate isocyanate formation but is due to the rise ofthe
foaming sample which initially touches and finally covers the sensor during the

experiment.

In conclusion, urea formation is a dominant process during the initial stages of foam
rise. This is then followed by the disappearance of the isocyanate due to its reaction with
the polyol to form polyurethane. Little information could be gathered before 60s, the time
of interest for nucleation studies and so no further studies were carried out using in-situ

FTIR.
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By plotting the relative absorbances of the various groups against time (Fig. 3-3), a
reduction in free isocyanate is demonstrated, while simultaneously an increase in
polyurethane and polyurea concentration is observed. This is in agreement with the reaction
equations already discussed. It should be noted that the apparent increase in isocyanate
before 100s in Fig. 3-3 does not indicate isocyanate formation but is due to the rise of the
foaming sample which initially touches and finally covers the sensor during the

experiment.

In conclusion, urea formation is a dominant process during the initial stages of foam
rise. This is then followed by the disappearance of the isocyanate due to its reaction with
the polyol to form polyurethane. Little information could be gathered before 60s, the time
of interest for nucleation studies and so no further studies were carried out using in-situ

FTIR.
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3.2.2. Thermal and Pressure Analyses

Reaction temperatures affect both viscosity and reaction kinetics. An analysis of the
reaction temperature during the foaming process was therefore carried out as described in
section 2.3. Combining the results obtained when the thermocouple was 1cm and 5cm
away from the base of the mould (to compensate for foam growth and the self-insulation
effect caused by the growing foam), the reactions overall temperature profile was extracted.
This is graphically presented for system A(l/i) in Fig. 3-4. There is no temperature change
before the cream time of 60s. The temperature then increases gradually until the gel time
where the temperature is approximately 50°C. Between gel time and rise time the
temperature increases rapidly to 170°C. This is the reaction time, according to the FTIR
analysis (Fig. 3-2), during which the polyurethane network is formed. The maximum
temperature reached is 180°C. The foaming process is a highly exothermic. However, the

temperature remains constant during the time of nucleation.

It is important to keep these reaction temperatures in mind when dealing with the

nucleation process under controlled temperature conditions (see section 2.6.2.2.).

200
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Time [3]
Fig. 3-4: The temperature measured duringfoaming o fthe A-componentA (I/i) with the B-

component M20A. Temperatures were measured with the thermocouple 1cm and 5cmfrom

the base ofthe mould. Combining these results gave the overall temperature increase.
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CPOB 09/07/99 91 deg C 566s 0.23 deg C/s 240s
CPOC 09/07/99 142 deg C 536s 1.29 deg C/s 123s

PF1B 09/03/99 93 deg C 597s 0.20 deg C/s 326s
PFH1C 09/03/99 165 deg C 578s 0.73 deg C/s 142s

Fig. 3-5: Temperature analysis of the foaming system: Systems B(l/i) (top) and C(l/i)
(bottom). — is a combination o fthe results obtainedfrom Icm and 5cmfrom the base (as

in Fig. 3-4). The curves iand ii are derivatives o fthe curvesfor Icm and 5cm.
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Due to the presence ofthe physical blowing agents cyclopentane and perfluorohexane
in the systems B(l/i) and C(V /i) the temperature analysis has a different roll. Again, in
each case the experiment was repeated with the thermocouple 1cm and 5cm away from
the base. The blowing agent cyclopentane has a boiling point of 49°C and this point is
reached at approximately 120s indicated by the maximum temperature rate of 1.29°C/s in
Fig. 3-5 (top). The maximum heating rate of C(VI/i) in Fig. 3-5 (bottom) also indicates
the boiling point of perfluorohexane of 54°C. The “blowing” action coupled to the
isocyanate -hydroxyl reaction between gel time and rise time leads to foam formation and
end temperatures of 140°C and 160°C for systems B(l/i) and C(V /i) respectively. This is

somewhat lower than the value for A(17i) (180°C).

Table 3-2: Maximum temperature andpressure ratesfor the model systems with different
blowing agents. Values obtainedfrom Fig. 3-5 and Fig. 3-6.

Maximum Rates

System Temperature Pressure
[°Cls] [psi/s]*
A(IN) 1.01 0.0004
B(I/i) 1.29 0.0029
C(VIh) 0.73 0.0002

*1 psi= 68.95mbar

Simultaneously a pressure analysis of the three model systems was carried out. In all
cases the pressure increased well after the gel time had been reached as shown in Fig. 3-6.
Maximum pressure rates are also given in the table above. This is a measure ofthe overall
pressure of the system and does not reflect the microscale pressure differences which are
created prior and during nucleation. Therefore, a more detailed evaluation of these results
is not present in this work as it is not applicable to the time of interest, i.e. the period of

nucleation.
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PF1B 09/03/99 0.006 psi 597s 0.0001 psi/s 586s 367s
PFH1C 09/03/99 0 023 psi 599s 0.0002 psi/s 528s 318s

Fig. 3-6: A pressure analysis of the model systems A(l/i), B(l/i) (above) and C(VI/i)
(below), i, ii and in being their derivatives. Each system had a cream time ofcirca 60s

and a gel time ofcirca 200s.
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3.2.3. Dynamic Rheology

Rheology is accepted as a powerful tool in the study of reactive foaming systems6b&2
This involves the measurement of viscoelastic changes, the profile of which can help in
the prediction of mould filling behaviour, when applied to rigid foaming systems. The
foaming process involves a large volume increase (20 - 50 times) and it is, as already
discussed, exothermic (>100°C). The measurement probe must accommodate the foam

expansion without changing the material and cope with the extremely fast curing time.

However, rheological studies in the literature are primarily based on polyurethane
flexible foam606364. The gelling of the foam into a rigid polymer network causes
difficulties in measuring the viscoelastic changes during foaming. Despite this, an attempt
was made at establishing the apparent viscosity during foaming of a PU rigid foam.
Another draw back in the method was that the sensing unit interacted mechanically with
the growing foam resulting in a possible distortion o f the rise profile.

The influence of the blowing agents CO2 in A(l/i), CsH1o in B(l/i) and CeF14 in
C(V1/i) on the viscosity of the system (Fig. 3-7), as was the influence of the surfactant
type (Fig.3-8) and the compatibility of A- and B-components through the use of
prepolymers (Fig. 3-9), was investigated. The viscosity ofthe A-components are given in

Appendix 1.

Time [s]
Fig. 3-7: Influence ofthe blowing agents A, B and C on the viscosity, 1, ofthefoaming

systems. Foaming carried out as described in section 2.4. (cream time &60s, gel time &

200s and density &55g/1).
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Time [3]

Fig. 3-8: Influence ofsurfactant type (I, Il and V) on the viscosity, 7], ofthefoaming

systems. Foaming carried out as described in section 2.4. (Cream time »60s, gel time »

200s and density &55g/l)
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Fig. 3-9: Influence ofprepolymers as the B-component on the viscosity, 7. Foaming was

carried out with the A-component B(l/i) containing 1% surfactant and without surfactant

B(0/i) (cream time »60s, gel time & 200s and density &55g/l).
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The in-situ viscosity measurements is an indication of the behaviour of the polymer
matrix during foam formation. From the in-situ temperature measurements we know that
the boiling point of CsH 10 (49°C) in B(l/i) is reached at 120s at which point there is a
marked increase in viscosity due to blowing. CiFu in C(VI/i) works on the same
principle, reaching its boiling point at approximately the same time. However, as CéF 14 is
in the system in the form of an emulsion this blowing agent has more nucleation sites.
Hence, the extreme difference in viscosity. On the other hand, the chemical blowing agent
CO2 in A(I/i) has first to be formed and then evaporate in order to function as a blowing
agent. It therefore has a different rate of viscosity, reaching however, approximately the

same end viscosity.

Table 3-3: The influence on the blowing agent on the viscosity, 7/ at various foaming

times. Values at Cs are the viscosities ofthe A-components, all other values obtainedfrom

Fig. 3-7.
1 [mPa*s]
Reaction Time: at G at 20s at 60s at 200s
A(l/) 819 539 790 6690
B(1/i) 240 383 209 5780
C(VUi) 967 620 1320 11600

The surfactant type influences the viscosity during the nucleation period, B(l/i)
having the greatest value of the systems measured at 20s (see Table 3-4). The viscosity
drops until cream time where the values lie closer together. The stabilising ability of the
surfactants then takes over showing that the surfactant V deviates from the other stable

systems, which have similar viscosity rates, indicating instability.

Table 3-4: The effect of surfactant type on the viscosity during the nucleation period

(20s), at cream time (60s) and gel time (200s). Values obtainedfrom Fig. 3-8.

rl [mPa*s]
Reaction Time: 20s 60s 200s
383 209 5780
B(I1/i) 1510 488 6360
B(V/i) 999 441 5110
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The implementation of a prepolymer increases the viscosity of the foaming system
with surfactant from 383mPa-s to 720mPa*-s at 20s. Fig. 3-9 show that the curve trends
are similar. However, in the absence of surfactant, the system foamed with M20A shows

its inability to foam while that foamed with the prepolymer proves to be more stable .

3.3. Positron Emission Tomography

Positron Emission Tomography analysis was carried out using the radiolabelled
compounds [150 JH20 an [1s0 ]Jbutanol according to the reactions schemes described in
Fig. 2-22 and Fig. 2-23. However, due to the bad spatial resolution of the technique and
the velocity of the foaming process Positron Emission Tomography was considered not to
be suitable for the analysis of the nucleation process. A more detailed description of the

results is given in the appendix (see Appendix 3).

3.4. Two-Coloured Dynamic Light Scattering

Ideally, nucleation should be instantaneous. However, in reality nucleation takes
place over a short time span resulting in the formation and growth of nuclei of various
sizes. During the two-coloured dynamic light scattering analysis this lack of instantaneous
nucleation resulted in a complicated feed back. Therefore, two-coloured dynamic light
scattering was also considered in effective for our purposes. A more detailed description

is given in Appendix 4.

Imaging using positron emission spectroscopy and two-colour dynamic light
scattering, proved to be unsuccessful. This left the following microscopic method as the
principal tool in the investigation of the nucleation process of polyurethane rigid foam in

this research.
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3.5. In-Situ Microscopic Analysis ofPolyurethane Rigid Form

3.5.1. Initial Study: A- and B-Components

It is important to have a reference sample for all analysis and for this purpose A- and
B- components were analysed separately. The unreacted A- components A(l/i), B(l/i) and
C(VI/i) were submitted to the same treatment as when being foamed, i.e. mixed at
2400rpm for 7s in a beaker, from which a sample was taken with a spatula and placed on
the microscopic slide. This was carried out without any isocyanate present. The aim was
to estimate, by means of the number of bubbles formed, the maximum amount of
nucleation sites possible. The experiment was repeated with the same model systems

minus the surfactant.

This showed some remarkable results. The presence ofa surfactant somewhat reduces
the amount of possible nucleation sites (see Fig. 3-10) - however, not significantly -
suggesting the surfactant has a tendency to inhibit nucleation. Popular theoriese,10 would
lead us to believe that the presence of a surfactant reduces the surface tension of the

system allowing easier nucleation.

1.00E+10
O With surfactant (1%)
B Without surfactant
1.00E+09
si
A 1.00E+08
1.00E+07

A(Ii) B(1/i) C(VI/f)

A-Component

Fig. 3-10: The nucleation number (NZ) per gram of unreacted A-component with (1%)

and without surfactant. Surprising is the slight decrease NZ with added surfactant.
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These results concurred with the observation made by Kanner and Decker10, i.e. that
the number of bubbles introduced by mixing is more than sufficient to account for the

number ofcells present in the final foam.

Table 3-5 below shows the observed nucleation number converted to nucleation
number per gram for the systems mentioned, including also the percentage increase due to
absence of surfactant. There is an increase in the number ofpossible nucleation sites when
going from system A(l/i) to B(l/i) to C(VI/i) indicating either an increased potential in
forming nucleation sites or a decrease in the potential to destroy these sites by mixing10.
The former premise leads to an examination of the viscosities of the systems. The
assumption that an decrease in viscosity would increase the mixing ability and result in
more bubbles does not support these results. On the other hand, it is possible that bubbles
once formed are unable to coalesce due the high viscosity and are subsequently stabilised.
This could explain why the maximum nucleation sites of C(l/i) is greater than B(l/i)
despite the viscosity of B(l/i) being lower than C(I/i). The latter hypothesis is quite
probable inhibiting the destruction due to mixing, of bubbles (or nucleation sites). This is

irrespective ofthe presence ofa surfactant.

Table 3-5: Experimental estimation of the maximum nucleation numbers (NZ) for the
model A-components with surfactant (1%) and without surfactant, including the

percentage difference between the two. The viscosity ofthe A-components are also given.

Viscosity NZwith NZwithout Surfactant Difference
[mPa*s] SQurfactant [1/0] [%0]
11/g]
A1) 819 8.3 x 108 8.91 x 10* 6.85%
B(1/i) 240 1.7x109 1.82 x109 6.68%
C(V1/i) 1101 2.4 x 109 2.63 x 109 8.74%

Using the same method the B-component was analysed. Considerably less nucleation
sites were formed suggesting that the A-component is primarily responsible for the
formation of nucleation sites during the initial stages of foaming. The A-component is

also more important as it contains the surfactant which stabilises the formed nuclei. There
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Using the same method the B-component was analysed. Considerably less nucleation
sites were formed suggesting that the A-component is primarily responsible for the
formation of nucleation sites during the initial stages of foaming. The A-component is
also more important as it contains the surfactant which stabilises the formed nuclei. There
are no surfactants in the B-component. The photomicrographs following clearly show the
difference between the number and type of bubbles formed, i.e. nucleation sites, in the
two components. The A-component, irrespective of type, contains more and smaller

bubbles than component B.

O

0O Q A

Fig. 3-11: Photomicrographs exhibiting the difference in the number and size of

nucleation sites between unreacted A- (left) and B- components (right).

Another method in predicting the maximum number of nucleation sites is purely
mathematical and suited for the ideal scenario. By assuming that each molecule of
blowing agent when vaporised is a potential nucleation site, the maximum number of
nucleation sites per gram can be calculated. An example of A(l/i) where H20 / CO2 is the
blowing agent is detailed in Appendix 5. After taking the critical radius (see section
3.5.6.) into consideration a maximum number of nucleation sites of 1.3 x 1019 [1/g] was
obtained. Experimentally less than 90% of the theoretical number of nuclei is observed.
This is due to either the incapability of the method to visualise nuclei under 1(am or there
is actually less than theoretically expected. Reasons for this will be discussed in the

following sections.
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Fig. 3-12: Bubble size distribution for the three model A-components A(l/i), B(l/i) and
C(VI/i) unreacted. Number ofbubbles: A(l/i) < B(l/i) < C(VI/i); size ofbubbles: A(l/i) >
B(1/i) > C(VI/i).

Distribution curves (Fig. 3-12) obtained during the former method for the three A-
components unreacted gave interesting predictions for the foam structures of the said
systems. Average bubble size for A(l/i) was 29.16pm, smaller than that for B(l/i)
(38.07pm). However, B(l/i) shows a narrower distribution which possibly under foaming
conditions would lead to a more homogeneously structured foam. A-component C(VI/i)
has a small average bubble diameter (27.44pm) and an even more narrow distribution
than B(1/i) and A(l/i), predicting that C(V1/i) when foamed should have the finest cell
structure of the three systems. These size distributions are also clear from the Gaussian
distributions in Appendix 2 which are distributions of the nuclei size at the cream time of
the foaming ofthe A-components A(l/i), B(l/i) and C(V /i) with the B-component M20A.
Here, as predicted, the amount of nuclei is greatest in the system foamed with the A-

component C(VI/i). This system also has the smallest average nuclei diameter.
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3.5.2. Influence of Gas Concentration on the Nucleation Process

W ith the intention of establishing the effect of the blowing agent concentration on the
nucleation process the amount of blowing agent in the A-component was varied. For the A-
component A(l/i) this was done by comparing the foaming ofan untreated sample, to that
ofthe foaming of a sample containing excess gas and to a third sample which was degassed
(as described in section 2.8.1.). As can be seen from Fig. 3-13 and Fig. 3-14 the difference
in both the amount of bubbles and the size of the bubbles with varying amounts of gas is
negligible. This is initially surprising. One would expect to have fewer and smaller bubbles
in the degassed system and an increase and larger bubbles in the system containing excess
aire5. The degassed system does exhibit a tendency for smaller bubbles than the untreated
model system. One could not completely exclude the inclusion of air introduced by mixing.

However, all systems have nuclei ofapproximately the same size at circa 250s.

A different method was used for the analysis of the effect of the amount of blowing
agent in system B(l/i) on the nucleation process. The blowing agent in this system is
cyclopentane, which is volatile and therefore unsuitable for the previous method. In this
case the systems was varied by altering the amount of blowing agent form 0%, 10% to
20% cyclopentane (CP). These new A-components were foamed with the B-component
M20A and analysed under the microscope using the method described earlier.
Distribution curves for the bubble diameters of the three systems shows that the presence
of the blowing agent increases the average bubble size from 27.16|im (0% CP) to
38.98|am (10% CP). Increasing the amount of blowing agentto 20% CP does not however
increase the average bubble size (37.98fjm) but increases the percentage of such sized
bubbles by 5% (see Fig. 3-23).

This is possibly due to the change in viscosity with added cyclopentane, decreasing
from 743mPa*s (0% CP) to 206mPa*s (10% CP). This improves mixing, forming larger
bubbles. It is also possible that due to the mixing of air bubbles the solubility of
cyclopentane increases as the vapour pressure point, the point at which cyclopentane no
longer dissolves, takes longer to obtain. Increasing the amount of blowing agent to 20%
does not however comparatively increase the bubble size as the viscosity decrease to

159mPa*s is not significant.
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Fig. 3-13: Influence of blowing agent concentration on the nuclei size duringfoaming of
the B-component (M20A) with the model A-components A(l/i) untreated, degassed and

containing excess air, under conditions described in section 2.8.1.
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Fig. 3-14: Influence ofblowing agent concentration on the number ofnuclei per analysed

area using the same criteria as in the diagram above.
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Fig. 3-15: A study ofthe A-component B(l/i) with 0%, 10% and 20% cyclopentane. The
presence of the blowing agent (10% CP) initially increases the average bubble size;
increasing the amount of blowing agent to 20% CP however, only increases the

percentage ofsuch sized bubbles.

3.5.3. Effect ofBlowing Agent on the Nucleation Process

Here we wanted to study the difference between the nucleation due to a chemical
blowing agent to that due to a physical blowing agent. As previously described, a
chemical blowing agent liberates gas as a result of a chemical reaction such as occurs
during the reaction of isocyanate with water, liberating CO2. A physical blowing agent
liberates gas as a result of a physical process at elevated temperatures or reduced
pressures. The physical blowing agents studied here are cyclopentane, CsH1o, and
perfluorohexane, CeF14. The physical characteristics of the blowing agents used are

tabulated in Table 3-6.
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Table 3-6: The various blowing agents implemented and their physical data, including

their boilingpoints Bp and gas thermal conductivity, X, at 25°C.

A- Blowing Type Bp Xg [mMW/m K]
Component Agent [°C] @ 25°C
NUD) H20 / CO2 Chemical * 16.866
B(I/i) CsH 10 Physical 48-49 12.167t*
C(VIh) c of 14 Physical 54-58 15.3°

tCsHio: Air (38:62) mixture; \ 2°c = 19.4mW/mK®&3
t C5H10:C02(38:62) mixture; AxC = 15.0mW/mK®3
0C&,4: CH,0 (38:62) mixture6d

The effectiveness of C(VI/i) is clearly evident in the results shown in Fig. 3-16 and
Fig. 3-17. The average nucleus diameter is twice as small as those produced from foaming
of the A-components A(l/i) or B(l/i). The amount of nuclei increased 100% and these
nuclei are more homogeneous than the other systems studied as demonstrated by the
narrower frequency distribution for C(V1/i) in Fig. 3-18. By cream time, as shown in the
photomicrographs in Fig. 3-19, the nuclei produced by A(I/i) are B(l/i) are similar in size
(note that the photomicrographs of A(l/i) and B(l/i) have different magnifications!) while
the size of the nuclei in C(VI/i) is smaller and considered significantly different. As
previously described (section 2.6.6.2.), “significantly different” is a difference of greater
than 20%. The difference between the number of nuclei formed by B(1/i) and C(V /i) is in

the region 0f90% and therefore justifiably considered significant.

The blowing agents in A(l/i) and B(I/i) prove to be easily soluble in their A-
components. However, since C 02 has first to be formed before it subsequently reaches the
solubility maximum and crosses over to the vapour phase, nucleation takes slightly longer
than with cyclopentane, which is present from the start, as the blowing agent. On the other
hand the nucleation sites in system C(VI/i) are not formed during the induction period
before cream time but are present from the start of mixing. A possible reason for this is
that the blowing agent perfluorohexane is neither in A- nor in B-component soluble and
therefore very small emulsion droplets are formed. These provide sites for nucleation.

A discussion of the effect of the blowing agent on the surface tension, end cell size

and consequently the calculated nucleation number, NZcj, is given in the next section.
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Fig. 3-16: The average nucleus diameter [jumJ measured with respect to timefor the A-
components with CO2 (A(l/i)), C5H 10 (B(l/i) and C6F 4 (C(VI/i) as blowing agentsfoamed
with M20A as the B-component, in a ratio 0 f40:60 atroom temperature (cream time

~60s, gel time &200s and density &55g/l).
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Fig. 3-17: The average nucleation number, NZ [1/g] measured with respect to timefor
the A-components with CO2 (A(l/i)), C5H 10 (B(l/i)) and C*Fu (C(VI/i)). Experimental
conditions were as in Fig. 3-16.
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Nucleus Diameter [jim] at Cream Time

Fig. 3-18: Frequency distribution curves o fthe measured nucleus diametersfor systems

A(l/i), B(l/i) and C(VI/i) at their cream times o fcirca 60s.

In the systems foamed with the A-component A(l/i) a minimum amount of
coalescence was observed. Foaming with B(l/i) resulted in what is described as
disproportionation (section 1.5.3.) and less, if not a negligible amount of coalescence.
C(V1/i) showed a negligible amount of disroportionation. These phenomena, their origins

and their affect on the foaming process is described in detail in section 3.5.5.

It is well known that perfluoroalkane blown foams have finer cells than traditional
water-blown and hydrocarbon-blown foamsl16. As previously stated, the blowing agent
does not stay in the mixed A- and B- components but falls out forming an emulsion, i.e. a
dispersed system in which both phases are liquid. In order to stabilise an emulsion a third
substance is necessary, an emulsifying agent or emulsifier. The effect of the emulsifier on

the nucleation process was subsequently studied.
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Fig. 3-19: Photomicrographs at cream time (60s) ofsystems A(l/i) - C02-blown, B(l/i),-
CsHjo-blown and C(VI/i) - C¢Flyblown foams. The decrease (from top to bottom) in size

and the increase in the number ofthe nuclei is clearly seen.
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3.5.4. Effect ofEmulsifier on the Nucleation Process

The perfluorohexane-blown foam, using A-component C(V /i), resulted in the finest
cell structure of all the systems investigated. This was expected as in practice such foams
have lower thermal conductivity values8, a direct result of the homogeneity of the fine
cells produced. The effect ofthe emulsifier, (CsFi7So2)N(C2H40H)(C2Hs), in this process

was therefore analysed.

A H s
C&FISO-Ns

chZh2h

Fig. 3-20: The emulsifier used in thefoaming systems analysed.

The emulsifier, (CgFpSCAN~MIIIOHIiINHS), as shown in Fig. 3-20, is a long chain
compound with the hydrophilic sulphonyl-amino-ethanol which projects itself into the
polyol and a hydrophobic part consisting of perfluoratoalkyl. The emulsifier therefore
helps to create an emulsion of perfluorohexane droplets which are hydrophobic in the A-
component which is hydrophilic. These droplets are stabilised by the surfactant in the A-
component and are possible nucleation sites. In the absence of an emulsifier nucleation
does take place. Surprisingly enough however, without an emulsifier and despite the
presence of a surfactant, foaming does not proceed and nuclei sizes remain constant (see
Fig. 3-23). Gas does not diffuse from the liquid phase into the nuclei which would enable
nuclei growth. The absence of growth verifies this assumption. Neither coalescence nor
disproportionation occurs as the formed nuclei in the emulsion tend to assemble into

clusters rather than merge together (Fig. 3-22).
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Fig. 3-21: Photomicrograph offoamed system with C(VI/i) including emulsifier as the A-
component at gel time 0f200s. A fine homogeneous structure favourablefor an insulation

material is depicted.

Fig. 3-22: Photomicrograph offoamed system with C(VI/i) without emulsifier as the A-
component at 200s. Nuclei have beenformed but nofoaming occurred. The A-component

remains unreacted as dispersed droplets in the B-component.
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Fig. 3-23: The average nucleus diameter measured with respect to timefor thefoaming of
the A-component C(VI/i), with (0.9%) and without an emulsifier, with the B-component

M20A under the standard conditions.

Surface Tension Analysis

What role do the surface tensions of the systems have on the nucleation formation?
One would expect that by decreasing the surface tension an increase in nucleation would

result. For a more detailed account of the surface tension measurements see Appendix A7.

Using a Lecomte du Notiy tensiometer (section 2.11.1) the surface tensions,
5 [MN/m], of each of the model A-components A(l/i), B(l/i), and C(VI/i) containing
various amounts of their respective surfactants, were measured and are tabulated in Table
A7-1 (see Appendix 7). The dependence of the surface tension on the amount of
surfactant in the system was clearly seen (see Fig. 3-24). An amount as low as 0.05% can
lower the surface tension considerably. The difference between the surface tensions of the
A-components C(I/i) without surfactant and containing 0.05% surfactant is equal to
11.60mN/m. A critical micelle concentration (c.m.c.) could be obtained from the graph

indicating the minimum amount of surfactant required for the maximum effect of
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lowering the surface tension. This is obtained between 0.2 - 0.3% surfactant, after which

point the amount of surfactant added has no significant effect on the surface tension.

Surfactant Amount [%]

Fig. 3-24: Relationship between surface tension and surfactant amountfor the various
blowing agents measured using the Lecomte du Noiiy tensiometer as described in 2.11.1.
The critical micelle concentration (CMC) is indicated between 0.2—0.3% surfactant

amount.

Systems with the lowest surface tensions, i.e. systems foamed with C(VI/i) as the A-
component, have also the highest number of nucleation sites. Whether this is directly as a

result ofthe surface active agents will be established in section 3.5.6.

The size ofthe end cells gives a good indication of the influence of the blowing agent
on the nucleation process. Perfluorohexane blown foams, i.e. the A-component was
C(V /i) showed finer cell structures than those blown with either cyclopentane, B(l/i) or
carbon dioxide, A(l/i). This is clearly illustrated in the following diagram, Fig. 3-25. The
influence of the surfactant amount can also be seen in Fig. 3-25. This is the topic of our

analysis in section 3.5.6.
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Fig. 3-25: The dependency ofthe end cell size with respect to surfactant amount on the

blowing agent. Critical micelle concentration (CMC) correlates to c.m.c. in Fig. 3-24.

End cell sizes obtained as described in section 2.9.

Table 3-7: Using the cell diameter, foam density and equations 53 and 54, where Vz is the

cell volume Vg is volume of gas, the nucleation numbers (NZca) for the various A-

components A (I/i), B(l/i) and C(VI/i), each containing 1% surfactant I, were calculated.

Cell
A-Component Diameter

fim]
A(lh) 399.5
B(l/i) 444.7
C(VIi) 272.6

Foam

Density

[o/cm3
56.8

55.0
55.0

Vz
[cm3]
1.66X10"
1.72x1013

1.72x1013

Vg
[cm3]
3.34x107
4.60x107
1.06x107

NZc
[1/d]
4.98x10s
3.73x10s

1.62x106

Using the above cell diameters (Fig. 3-25) and the known density of the foams, the

nucleation number was calculated (NZcai) using equation 53 and 54 from section 2.10., the

results of which are tabulated above. Predictably, calculated nucleation numbers indicate

that the system foamed with C(VI/i) contain more nuclei than either A(l/i) or B(I/i)

agreeing with the experimental.
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3.5.5. Effect ofSurfactant Amount on the Nucleation Process

Does the amount (or type) of surfactant at the gas/liquid interface hinder or promote
nucleation? This was the principal question governing the analysis of the nucleation

process pertaining to the surfactant.

The amount of surfactant I in the A-component B(l/i) was varied and the new A-
component foamed with the B-component M20A as described in section 2.8.3. Fig. 3-26
and 3-27 show the results of the average nucleus diameter and nucleation number (NZ)
respectively. The system containing no surfactant is used as a reference sample.
Interestingly, the amount (Ix1Oe [1/g] approx.) and size (20]|im) of the initial nuclei at 20s
does not vary significantly with respect to surfactant amount. This is remarkable as
traditionally it was thought that by lowering the surface tension (see Fig. 3-24), the
possibility of more nuclei forming would increase. One can therefore, surprisingly, deduce
that the amount of surfactant has no effect on the nucleation process but on the actual
stabilising of the formed nuclei. Also notable is the comparison to the reference A-
component. The number ofnuclei is drastically reduced on reaction with the B-component
from 1.7x109 [1/g] to circa Ix106[l/g]. Values at circa 18s are invalid due to the inability

to clearly see the nuclei, resulting in inaccurate analysis.

One of the principal functions of the surfactant is to stabilise the growing foam and
this can be clearly seen with a levelling off of the curves by cream time (200s). The
system without surfactant undergoes coalescence resulting in nuclei diameters out of
range, i.e. >250(jm at 120s. In systems with insufficient amounts of surfactant, i.e. 0.1%,
0.2% surfactant (1), coalescence (see Fig. 3-28) and disproportionation (see Fig. 3-29)
play a significant roll resulting in larger cells and a less fine structure. With surfactant
amounts greater than the critical micelle concentration (0.2-0.3%) sufficient stabilisation

occurs with only a negligible amount of disproportionation sometimes observable.

In order to mathematically observe these phenomena relative distribution curves were
used. With the aid of equation 50 growth factors, fgr, were calculated as described in
section 2.7.6.1. and the relative frequencies of the measured nuclei diameter measured at

60s and 100s were corrected by fgr with respect to the relative frequencies ofthe measured
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nuclei at 200s. Where these distribution curves overlapped the system was considered
stable, i.e. minimum coalescence (Fig. 2-30). The system without surfactant showed no
overlapping and it was impossible to measure the nuclei/bubbles at 200s as, due to
coalescence, they were out of range (Fig. 2-31). These curves represented therefore a very

unstable system with maximum coalescence.
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Fig. 3-26: The influence ofthe amount ofsurfactant (I) in the A-component B(l/i) on the
average nucleus diameter duringfoaming under the usual conditions. Cream time » 60s,

gel time »200s and density » 55g/I.
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Fig. 3-27: The influence of the amount ofsurfactant (I) in the A-component B(l/i) on the
nucleation number (NZJ. At Gs the “nucleation number” for the unreacted B(l/i) is
shown. At 300s the calculated NZca is depicted, agreeing in general with the initial

nucleation number observed.
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Fig. 3-28: Typical example of coalescence observed with systems foamed with the A-
component without surfactant. Surfactants act as stabilisers inhibiting such phenomena

which result in large-celledfoam and in certain casesfoam collapse.
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Disproportionation has already been described in section 1.5.3. as the growth of
larger bubbles at the cost of smaller bubbles. This occurrence was also microscopically

observed, decreasing in frequency with increasing surfactant amount.

Fig. 3-29: Disproportionation - bubble growth at the expensive ofthe smaller bubbles.

The arrows indicate the disappearing bubbles.
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As ameasure of the instability of a given system relative frequency distributions were

calculated and compared to the curves for minimum and maximum coalescence below.

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Nucleus Diameter [|un]

Fig. 3-30: The relative distributionsfor the stable system foamed with the A-component
B(l/i). The curves overlap indicating no coalescence. Note that the relative frequency at
60s is higher than at 200s; this is because more nuclei are countedper area at 60s. These

grow resulting in less nuclei countedper area at 200s.(w.r.t. = with respect to).
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Fig. 3-31: The relative distributionsfor the unstable systemfoamed with the A-component
B(I/1) without surfactant. The distributions are calculated using the growth factor from
equation (54), with respect to (w.r.t.) 100s, where 100s are the experimental values.

Nuclei diameters at 200s were out ofrange.
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3.5.6. Effect ofSurfactant Type on the Nucleation Process

For clarity purposes the results ofthe surfactant structural analysis are first introduced

before going on to discuss the results ofthe microscopic analysis.

Structural Analysis ofSurfactants

Structural analyses was carried out using quantitative 290Si-NMR and *H-NMR as
described in section 2.12.1. providing values for the length of the siloxane backbone, the
number of polyol sidechains. and the ratio of ethylene oxide to propylene oxide (EO:PO)

in the sidechain. For a detailed explanation of the spectra evaluation see Appendix 5.

The basic structure is that of a dimethyl polysiloxane-polyoxialkylene copolymer as

shown in Fig. 3-32 below:

KC— Si— CH

HC— Si—-(0937"—0— CH.— C7jj-0 CR, CH jOR

CH,

Si(CH3)3

Fig. 3-32: The general structure ofthe surfactants used in this work For valuesfor m, n, x

andy see Table 3-8.

The following table summarises the results obtained for the surfactants used in this
thesis. Itis important to be able to use these results to explain the results obtained during

the in-situ analysis.
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Table 3-8: The results o fthe NMR surfactant analysis; m and n are the siloxane blocks o f
the backbone, m being the siloxane block containing the polyol sidechain. x andy are the
ethylene oxide (EO) andpropylene oxide (PO) parts ofthe sidechain m. Values given are

absolute values. M is he mass o fthe compound in grams.

Backbone Side Chains

Surfactant No. n m X y EO:PO M [g]
| 39 5 13 6 1:0.43 8254

11 53 7 26 15 1:0.60 19694

1 26 5 20 9 1:0.45 9970

v 10 4 28 1 1:0.05 5937

V 9 3 47 3 1:0.07 7725

VI 97 8 38 40 1:1.05 38606

A-components containing the surfactants described in Table 3-8 were used in the in-
situ analysis. The actual formulations of the A-components B(ll/i), B(lIl/i), B(IV/i) and
B(V/i) are given in Appendix 1. Turning to the results of the microscopy results, one fact
is immediately obvious - the initial nucleus size ofapproximately 20\im is independent of
surfactant type (see Fig. 3-33). The nucleation number in Fig. 3-34 varies less than 20%
and is therefore considered insignificant. This is an important and interesting result. The
literature 1011 would lead us to believe that different stabilisers, nucleate and stabilise the
nucleated sites at different rates resulting in foams with different cell size. However, from
these results this assumption is only partially validated. After the cream time of 60s the
nuclei size deviate from each other showing the stabilising efficiency of the various
surfactants. Both the average nucleus diameter and the nucleation number formed by the
foaming of A-components containing surfactants which sufficiently act as a stabiliser,
such as | and Il and I, levels off to a constant at circa 100s. Unstable foaming systems
coalesce creating larger nuclei after 100s as shown by surfactant IV in Fig.3-33.
Surfactant 1V ’s inability to stabilise adequately is also highlighted in its nucleation
number which gradually decreases with time. There is also a gradual increase in the
nucleation number (NZ) with respect to surfactant type. In order to explain this a closer

look at the chemical structure ofthe surfactants is need.
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Fig. 3-33: The average nucleus diameterformed during thefoaming ofthe A-components
B(I/1), B(I1/1), B(I11/i), B(IV/i) and B(V/i) (each with 1% of their respective surfactant)
with the B-component M20A under the usual conditions. B(#/i) represents the A-

component without surfactant. Cream time »60s; gel time »200s; density »55g/I.
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Fig. 3-34: The average nucleation number (NZ¢) formed during the foaming of the A-
components as described in Fig. 3-33. Cream time » 60s; gel time » 200s; density 55g/I.

(# represents 0% surfactant).
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The rigid Si-0 backbone ofthe surfactant (as shown in Fig. 3-32) is important for the
foam stability and is a hydrophobic part ofthe compound. The PO group on the side chain
is also hydrophobic whereas the EO group is the hydrophilic part of the compound. This
is probably the most influential part of the compound, having a positive effect on the
emulsifying ability of the surfactant. In order to measure the hydrophilic strength of the
surfactants the turbidity points and hydrophilic-lypophilic values for the various

surfactants were obtained (see the experimental section 2.12.2).

Determination ofthe Turbidity Point of Surfactants35/

The solubility of non-ionic surfactants in water results from the hydration of the
oxygen groups by hydrogen bonding. The degree of hydration decreases with increasing

temperature, therefore so too does the water solubility of non-ionic surfactants.

Correlations exist between the turbidity points and the hydrophile-lipophile balance
(HLB) values or phase inversion temperatures of surfactants. The HLB allows a rough
classification of non-ionic surfactants to be arranged on a scale from 0 to 20, increasing in
polarity. It can be calculated from the ratio of the molecular mass of the hydrophilic
fraction (the EO part), Mh, to the total molecular mass M of the surfactant, multiplied by

203057

HLB =20 —L i.e. (56)
M 5

These values are also presented in the Table 3-9. From the diagram, Fig. 3-35, a
correlation in the trends is clearly seen. As the turbidity points increase so does the
hydrophile-lipophile balance values. These have been correlated to the stabilisation and
émulsification abilities of the surfactants. Surfactants with a lower turbidity point / HLB-
value such as surfactants I, Il, 111 and VI, exhibited stabilising abilities, as discussed with
respect to Fig. 3-33 and Fig. 3-34. Increasing the surfactant’s turbidity point / HLB-value
increases emulsification abilities. Surfactants IV and V did not sufficiently stabilise the
foaming system resulting in a decrease in nucléation number at 200s but showed an

increase in émulsification. This can be seen in the photomicrographs in Fig. 3-36.
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Table 3-9: Measured turbidity points as described in section 2.12.2. and calculated HLB-

values (as described in the text)for the various surfactants.

Surfactant Turbidity
No. Point [°C]

I 59.8

I 63.2

1 54.1

v 83.0

\Y, 86.9

Vi 43.3

T GNE Pp T

Hydrophilic-Lypophilic Balance

8253
19694
9970
5937
7725
38606

Surfactant Number

Mb
568

1131
880

1241
2068
1672

HLB-Value
1.38
1.15
1.77
4.18
5.35
0.87

10

Emulsification

»

73

5

9
8
7
6
5
4
3
2 Stabilisation
1

0

Fig. 3-35: The turbidity points and hydrophile-lipophile balance (HLB)-values for the

surfactants used in this thesis. Surfactants with higher HLB-values showed émulsification

properties while decreasing the HLB-value increase their stabilisation abilities.

The higher the percentage EO groups

the more hydrophilic the compound.

Surfactants 1V and V have a very high %EO in their comparatively longer sidechains with

EO:PO ratios of 1:0.05 and 1:0.07 respectively. As a result they have a high HLB-value.
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These values correlate well with their high turbidity points of 83°C and 86.9°C
respectively. The decrease in molecular weight improves the surfactants ability as an
emulsifier (see Table 3-8). Surfactants IV and V have a lower molecular weight than the
surfactants implemented in this study. W ith these attributes, one would expect surfactants
IV and V to act more as an emulsifier than a stabiliser. This expectation is confirmed in
the microscopic analysis (see Fig. 3-34 and the photomicrographs in Fig. 3-36) with these
surfactants tending to give a larger nucleation number at the beginning but having a

reduction in nucleation number due to instability at the end.

Despite this, 1% of the surfactant IV or V was not sufficient to stabilise the nuclei
formed, resulting in coalescence and hence larger cells and consequently a smaller end
nucleation number than, for example, the more stable B(l/i) (all having the same density,
55g/1) (See Table 3-10 for values). The inability of V to stabilise sufficiently was also
highlighted during the rheological studies. The frequency distribution for system B(V/i)
(Fig. 3-37) highlights the instability of that system. In comparison to the frequency
distributions for the unstable system without any surfactant, i.e. maximum coalescence
and the stable system B(I/i) with minimum coalescence the distributions show that the

surfactant V is not a sufficient stabiliser.
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F/g. 3-36: Photomicrographs of systems foamed with A-components B(l/i), B(ll/i),
B(I11/i), B(1V/i) and B(V/i), from top to bottom, left to right. All photomicrographs were
taken at cream time of 60s. The émulsification tendency of surfactant IV and V is
illustrated by the emulsion-type formation ofthe polymer matrix in B(1V/i) and B(V/i) and

the lack ofsuch “smears  as clearly shown with B(11/i)
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Fig. 3-37: Frequency distributions for the unstable system B(V/i). Distribution at 200s
are actual values; distributions at 60s and 100s are calculated with respect to (w.r.t.)

200s with the aid ofequation 50.

Although the nucleus diameter range at 200s (60-260|"m) is not as wide as the
nucleus diameter range obtained for foaming without surfactant which was out of range
by 200s (Fig. 3-31), the distributions do not overlap as with the stable system B(l/i) (Fig.

3-30), indicating coalescence or disproportionation, i.e. instability.

Systems B(I/i) and B(lll/i) have a slightly less nucleation number (observed at 60s)
than B(Il/i). Considering the %EO in these three systems one would expect similar
stabilising abilities with | and 11l and a slightly less stabilising ability due to the slight
increase in %PO (i.e. decrease %EOQ) in Il. Nevertheless, the molecular weight of Il is
considerably higher adding to the overall stabilising ability ofthe surfactant. Surfactant 11l
has a turbidity point at 54°C and a HLB-value of 1.77, which leads to its classification on
the border of stabilising and emulsifying abilities. Its backbone (%backbone = 100% -
%sidechain) is smaller than |, comparatively improving its hydrophilic ability. This
possibly explains why system B(Il1l/i) has the smallest nucleus diameter and ergo the

highest NZcg of the systems analysed.
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Table 3-10: The effect of the surfactant structural properties (molecular weight, M;
%Sidechain; %EQO (with respect to the molecular weight)) on the nucleation number, NZC

o fthefoaming systems (*sobserved at 60s, * calculatedfrom finishedfoam, NZca).

Surfactant NzC NZcai M Sidechain EO
No. [1/gf [1/gf [q] % %

[ 1.12x10° 3.73 x 10s 8254 59.5 6.88

I 2.12x106  3.47 x 10s 19694 77.2 5.74

1 115x106  4.76 x105 9970 76.1 8.83

vV 156 x106  2.73 x 105 5937 81.3 20.29

\Y 2.77x 106  2.58 x105 7725 87.0 26.77

Vi 473 x 106  1.63 x 106* 38606 79.72 4.33

sSurfactant VI was used in the foaming of the perfluorohexane-blown system with the A-component C(V1/i)

and therefore has a larger NZc].

It is interesting to note the values obtained for the surfactant VI. This surfactant was
only used with system C(VI/i). It has the lowest turbidity and HLB-values of 43.3°C and
0.87 respectively. The excess % PO in its sidechain coupled to its larger molecular weight
suggests that this surfactant is extremely stabilising but in no way capable of emulsifying.
This reconfirms the results seen when the emulsifying agent was taken out of C(1V/i) (see
previous section). No foam formed, however, a very stable system was produced whereby
neither coalescence nor disproportionation, which are typical in an unstable environment,

occurred. In this case, the addition ofan emulsifier is need for foaming to occur.

Interesting was to see whether the surface tensions of these systems can help us in
understanding their nucleating ability. Theory would lead us to believe that by lowering
the surface tension more nuclei are formed as less energy is needed (see section 1.5.3.).
The affect of the type of surfactant on the surface tension was investigated. Each system
showed the same tendency with critical micelle concentrations (CMCs) between 0.2-0.3%

surfactant but reached different minimum surface tension values (see Fig. 3-38).

141



An In-Situ Study ofthe Nucleation Process ofPolyurethane Rigid Foam Formation

Surfactant Amount [%0]

Fig. 3-38: The surface tensions (measured as described in section 2.11.1.) of the A-
components B(Ji) containing various types (I, I, 1, 1V and V) and/or amounts of

surfactants, indicating their critical micelle concentrations (CMC).

From these results one would expect that system B(l/i) would have the most
nucleation sites and hence produce the foam with the finest cell structure. This contradicts

what we see under the microscopic analysis.

A comparison of the end cell sizes for the various surfactants with varying
concentration revealed a curve (Fig. 3-39), which levelled offat a point (0.2-0.3%) which
correlates well with the critical micelle concentration obtained in the surface tension
analysis of these systems. However, the order of value is inverted. The order is consistent
to that obtained from the in-situ study. This indicates that the influence of the surfactant
on the nucleation process is complex and cannot be described by the surface tension
values. In other words, the surface tension does not support the search for a fine-celled

rigid foam system.
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Surfactant Amount [%]

Fig. 3-39: The effect of various types and amounts o fsurfactants on the end cell size

measured using the method described in section 2.9.

Table 3-11: The influence of surfactant type and amount on the nucleation number

(NZca).
Nucleation Number (NZQ) [1/g]

Surfactant [%0] B(1/i) B(11/i) B(11M) B(I1V/i) B(V/)
0.00 4.33x10J 4.33x103 4.33x10J 4.33x103 4.33x103
0.20 1.87x105 2.41x105 2.38x105 1.27x10s -
0.30 2.55x10s 3.21x105 2.87x10s 1.76x10s -
0.50 2.74x105 2.08x105 4.04x10s 2.25x10s 1.84x10s
1.00 3.73x105 3.47x105 4.76x10s 2.73x10s 2.58x10s

Inserting the cell diameter values (see Appendix 7) and the density ofthe foams into
the equations 52, 53 and 54 which are described in the section 2.10., the number of nuclei
formed, i.e. the nucleation number (NZca) could be estimated. Important is to note that
this assumes that the amount of cells in the end foam is equal to the amount of nuclei
formed and does not take phenomena such as coalescence or disproportionation into

account.
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Comparing Theory to Practice

In section 1.5.3. the classical nucleation theory has been dicussed. Here we compare
theoretical results with those obtained from experiment.

Due to the cyclopentane blowing agent which has a vapour pressure of 0.53 bar at
20°C, 0.8 bar at 30°C, 1bar at 49°C and 2 bar at 80°C, an estimated pressure difference of
less than 1 bar is present during the gas dissolution stage of foam formation. Using the
Young-Laplace equation (i.e. rb* = 28 / (Ps- Po) - equation 8) and the obtained surface
tension values, the critical radius rb* was determined. This is the critical nuclei size for
nucleation to take place. Table 3-12 below shows the values for 2rb*, i.e. nucleus diameter
[nm]. This shows that with increasing surfactant amount the critical radius slightly
decreases. In this way one would theoretically expect more nuclei due to the more
favourable nucleation environment with increasing surfactant amount. The comparative
tendency for a smaller critical radius is I<lI<IlI<Y<IV. However, the difference is well
within the 20% significance level. This backs up the experimental results that the

surfactant type has no influence on the formation ofnuclei, i.e. nucleation process.

Table 3-12: The critical nucleus diameter values, 2rb*, (calculatedfrom equation (8)) for
systemsfoamed with A-components ofB(Ui), B(ll/i), B(111/i), B(IV/i) and B(V/).

Surfactant 2rb* [jim]

Amount [%] B (1/i) B (I1/i) B(I11/i) B(IV/i) B(V/i)
0 1.30 1.30 1.30 1.30 1.30
0.2 0.93 1.01 1.10 1.19 -
0.5 0.90 0.98 1.06 1.15 1.08
1.0 0.90 0.95 1.02 1.11 1.04

It was not feasible to validate these critical radii values with experimental evidence. It
is possible to obtain images of approximately 1|xm with the stereo microscope but due to
the incompatibility between the components, initial nuclei with a minimum size of circa
10nm were only observed. In the search for a method to measure nuclei of lji.m and

smaller, two-colour back scattering was implemented (see section 3.4.). However, as
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nucleation took place over a period of time, resulting in various sizes of nuclei, an

unhelpful, complicated feed back was obtained.

For the calculation of the free energy, AF, we assume, for simplicity, homogeneous
nucleation. Fig. 3-40 shows the free energy associated with the homogeneous nucleation,
lying in agreement to free energy diagrams in the literature 24,69.The curves are obtained

from the second and third terms of equation 6:

AF =4~V -(AFO0)")ir3 (56)

Since the interfacial term increases with r2 and the volume free energy increases with r3
the formation of small bubbles always leads to a free energy increase until the radius of
the bubble nucleated is larger than the critical size. Also shown in the diagram is the
maximum free energy, AF* associated with the critical radius r*. With the aid of equation
9 and the calculated critical radii in Table 3-12, the maximum free energy for the systems

studied in this work was calculated, the results of which are tabulated in Table 3-13.

Fig. 3-40: Thefree energy change AF, associated with the homogeneous nucleation ofa

sphere ofradius r as described in references 24, 69.
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Table 3-13: The critical nucleus diameter values, 2rb*, (from Table 3-12), free energy
change, AF*, associated with the homogeneous nucleation ofa sphere ofradius rb* and
the nucleation rate, J, for systemsfoamed with A-components o f B(l/i), B(Il/i), B(l11/i),

B(IV/i) and B(V/i).

A-Component 2rb* [jim] AF* [Ix10 147]
B(1/i) 0.90 5.56
B(11/i) 0.95 6.44
B(111/i) 1.02 8.02
B(1V/i) 1.11 10.40
B(V/i) 1.04 8.41

The critical nucleus diameters for the model A-components B(l/i), B(1l/i), B(lll/i),
B(IV/i) and B(V/i) with 1% of their respective surfactant are tabulated above. The
minimum work required for the formation of the critical nucleus, i.e. the free energy
change was subsequently calculated from equation 9. Although the deviation in critical
radii values is less than 20%, the maximum difference, between AF* of B(l/i) and AF*
B(IY/i) is approximately 45%. Therefore, one would expect that the system foamed with
the A-component B(l/i) would need less energy for the formation of critical radii than the
system foamed with the A-component B(IV/i) and hence would have a greater nucleation
number. Ifwe look at Table 3-11 which gives the calculated nucleation numbers N Zcai this
proposition is verified - the nucleation number for the system foamed with the A-
component B(1V/i) (2.73x105[1/g]) is less than the NZcai for the system foamed with the
A-component B(l/i) (3.73x105[l/g]). However, as already pointed out this effectively
ignores the coalescence which occurs in the unstable system B(IV/i). The in-situ analysis
showed that in fact slightly high initial nucleation number was observed for B(IV/i), the

results which are compared to the calculated nucleation numbers in Table 3-10.

In this way the in-situ results contradict theoiy. This is possibly due to the inclusion
ofa surface tension dependency in the theory. However, as shown in the previous section
the nucleation number is not dependent on the surface tension value. In other words, a low
surface tension, resulting in a low critical radius value and consequently a lower free

energy is not a prerequisite for an increase in nucleation numbers.
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3.5.7. Effect of Catalyst Amount on the Nucleation Process

The catalyst (i) was varied in the system B(l/i) producing foams with the following
cream times: 30s, 45s, and 60s. See Appendix 1 for a detailed description of the
formulations. Gel times were 115s, 135s, and 200s respectively. Increasing the catalyst
amount leads to increased reaction times. This was observed in the rate of temperature
rise, the pressure measurements, and the earlier gel times, the results of which are
tabulated in Table 3-14. Decreasing the nucleation time lead to a larger pressure
difference over a shorter period of time leading to the simultaneous nucleation of more
nuclei, increasing homogeneity. This was reflected in the in-situ studies, reflected in the
photomicrographs in Fig. 3-44. Although differences in the average nucleus size were
negligible as can be seen in Fig. 3-42, a comparison in Fig. 3-41 of the relative
distributions of the nucleus diameter at their cream times show a narrow distribution at
30s which broadens with increasing cream time. However, relative distributions at the gel
time overlapped indicating no influence on the end cell size. The nucleation number
increased slightly as illustrated in Fig. 3-43, however, this difference is greater than 20%

and is therefore considered significant.
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Fig. 3-41: Relative distribution ofthe nucleus diameter at cream times o f 30s, 45s, and

60s. Inlay shows the relative distributions o fthe said systems at their respective gel times.

147



An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

200
180
160
| 140 - e 1
» 120 a
an 4
é 100 *A* EEER"'N
* A
s 80 O ¢ Cream Time = 30s
i 60 ¢ -0 m" )
¢ AN m Cream Time = 45s
A .2‘3”1 a Cream Time = 60s
20 T S — e o
0 4 i tq ' 1 Ut 1! e
0 50 100 150 200 250 300
Time [sec]

Fig. 3-42: The average nucleus diameter with respect to time duringfoaming with the A-
component B(l/i) with 1.8%, 1.4% and 0.8% catalyst i, dimethyl cyclohexylamine. This

resulted in cream times o f30s, 45s and 60s with gel times 0f200s, 135s and 110s.
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Fig. 3-43: The average nucleation number with respect to time duringfoaming o fthe A-

component B(I/i) with various amounts o fcatalysts as describe in Fig.3-42.
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Fig. 3-44: Photomicrographs ofsystem B(l/i) with various amounts o f catalysts at their
respective cream times, (top 1.8%, middle 1.4% and bottom 0.8% catalyst). Increasing the

catalyst decreases the cream time resulting in slightly more nuclei o fthe same size.
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Table 3-14: The effect ofdifferent amounts ofcatalyst ( different cream and gel times) on

the surface tension, 5, end cell diameter, d, and the mathematical estimation of the

nucleation number, NZca as described in section 2.10.

Catalyst
[%]
1.8
1.4
0.8

Cream Time

[s]
30

45
60

Gel Time
[s]
115
135
200

O

[MN/m]

22.80
22.60

22.57

[jun]
423.5
428.3

4447

NZcai
[1/g]
4.23 x 105
4.18 x105

3.73 x 105

Next we needed to establish whether the catalyst amount has an effect on the surface

activity of the polymer. This was tested by measuring the surface tensions of the A-

components B(I/i) with various amounts of the catalyst i with 1% surfactant the results of

which are tabulated above. The amount of catalyst in the A-component exhibits no effect

on the surface tension ofthe system with surface tension values 0f22.53+0.23mN/m. The

end cell diameter and calculated nucleation number (NZcai) are also given in Table 3-14,

showing a significant difference (see section 2.10.) between foaming with a cream time of

30s and 60s. It was shown that the quicker the cream times and gel times the finer the

cells in the end foam. This tendency is also apparent in the in-situ analyses.

Table 3-15: Thefaster the maximum temperature (Tnd) and the maximumpressure (Pmv)

are obtained the larger the nucleation number. Tnax and Prex measured as in section

3.2.2.
Cream Time
is]
30
45
60

Gel Time

[s]

115
135
200

Time Tpui

[s]
290
417

555

150

Time Pmax

[S]
120

180

270

N Z cai
[L/g]
4.23 x 10s
4.18 x 105

3.73 x 105
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Increasing the catalyst amount increases the rate of reaction producing foams with
quicker cream and gel times(Table 3-15). The maximum temperature of approx.
150+40°C and maximum pressure of approx. 0.08+0.03MPa are also obtained quicker
This quicker pressure difference over a shorter period oftime improves the homogenity of

the nucleation. This authenticates results obtained from the in-situ analyses.
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3.5.8. Effect of Catalyst Type on the Nucleation Process

The type of catalyst in system B(l/i) was varied maintaining a cream time of 60s and a
gel time of 200s. See Table 2-5 in section 2.8.6. for the structural details of the catalysts
implemented and Appendix 1 for clarification of the A-components B(l/ii), B(l/iii),
B(l/iv). When dibutyl tin dilaurate (catalyst iv) was used and a cream time of 60s was set
a rise time of 75s followed. Setting the gel time to 200s resulted in moving the cream time
to 175s. However, since a time of approximately 150s had elapsed from the time the
sample was placed under the microscope until cream time, the sample (which had cream
time of 175s and a gel time of 200s) had lost the reaction energy to foam and so no
analysis could be carried out. This highlighted one of the restrictions of the method - the
cream time must be fast enough (35s) to allow visualisation of the initial nuclei but also
slow enough (60s) so as to promote foaming.

Analysis of the foaming of the A-components mentioned containing various showed
deviations in the nucleation number. The observed end nucleus size varied significantly
from each other with values of 120|im £ 25fim as shown in Fig. 3-45. In search for an

explanation the chemical structure ofthe catalysts needed to be examined.

The catalytic activity of the catalysts depends on their strength as a base and / or their
nucleophilic strength, i.e. the strength of the electron pair on the nitrogen in the amino
group. Therefore, one would expect that catalyst ii, 2,2,2-diazabicyclooctane, with its two
pairs of lone-pair electrons, one on each side, which are sterically unhindered, would be
ideal. Results from the in-situ study show an improvement in nucleation number when
compared to the initial less basic catalyst dimethyl-cyclohexylamine. The 2,2,2-
diazabicyclooctane average nucleus size at gel time (200s) is halved from circa 160|xm to
circa 80(im with B(l/i) (Fig. 3-45) but has a larger nucleation number per gram (Fig. 3-
46). What would happen if this sterically favourable catalyst could be built into the
polymer network? For this purpose catalyst iii, 2-(2- hydroxyethoxyethyl)-2-
azanorbomane was examined. This catalyst has a nitrogen (one lone-pair) less than
catalyst ii and the hydroxy group on the ethoxylated carbon chain increases the polarity of
the compound. It is sterically unhindered and can take part in the polymer formation due

to the presence of the active hydrogen atom in the molecule.
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Fig. 3-45: The nucleus diameter measured with respect to time indicating the influence of
the various catalysts as discussed in the text. Cream time and gel time were 60s and 200s

for allfoams except B(l/iv)which were 60s and 75s respectively. Density ofallfoams &

55g/1.

Time [sec]

Fig. 3-46: The influence ofthe catalyst type on the nucleation number (NZJ. Cream time
and gel time were 60s and 200s for all foams except B(l/iv)which were 60s and 75s

respectively. Density o fallfoams &55g/I.
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Although the nucleation number (Fig. 3-46) are similar for both systems B(l/ii) and
B (I/iii), catalyst iii results in comparatively larger nuclei (Fig. 3-45). The organo-tin
complex catalyst iv, dibutyltin dilaurate, is traditionally implemented in flexible foams
and is known to enhance the nucleationl The microscopic analysis shows, in the case of
polyurethane rigid foam, that although dibutyltin dilaurate had the greatest nucleation
number as illustrated in Fig. 3-46 (however, comparatively minimal) and the finest cell

structure (Fig. 3-45), it does not induce excessive nucleation as expected.

Overall one can deduce that the catalyst type has little influence on the nucleation
number but the reactivity of the catalyst influences somewhat the nucleus size. As already
mentioned, tertiary amines, such as in catalysts i, ii and iii affect both the isocyanate-
hydroxyl and the water-isocyanate reaction, while, the dibutyltin dilaurate catalyst
promotes primarily the isocyanate-hydroxyl reaction and chain propagation.
Unfortunately, it was not possible within the scope of this work to ascertain from these
experiments which process, if any, affects the nucleation process. This is a topic, which

could be investigated in the future.

Catalysts are not surface active agents and therefore the type of catalyst used had no
effect on the surface tension of the systems. This is however, not a prerequisite for
nucleation. A direct relationship between the surface tension of a system and the
nucleation number of that system foamed was not found in this work. The fact that the
catalyst type influenced the size of the nuclei proves that nucleation is a complex process

which is not surface tension dependent.

Table 3-16: The effect o fcatalyst type on the end cell diameter and the nucleation number

NZcai- Cream time and gel time were held constantat 60s and 200s.

Catalyst Cell Diameter NZGI
Type [im] [1/g]

| 444.7 3.73 x 105

li 411.5 471 x 105

lii 428.6 4.17 x 105

v 406.0 4.25 x 105
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The cell diameter in the end foams were measured and subsequently the nucleation
number (NZca) was calculated. The results are shown in Table 3-16 above. These
correlate quite well with nucleation numbers obtained from the in-situ analyses, however,

the total trend being in a lower range.
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3.5.9. Effect ofPrepolymer on the Nucleation Process

Prepolymers are used in the production of flexible foams, ensuring complete reaction
of all polyols and allowing the selective synthesis of a segmented chain structure through
pre-organised structural units. The compatibility of the suitably chosen A- and B-
components notably increases. This is primarily due to the decreasing percentage NCO
available for reaction, leading to the complete reaction of all diols. As the compatibility
has already proved to be of importance (see section 3.5.6.), the improvement of the
compatibility of B(l/i) through the use of prepolymers and its effect on the nucleation
process was investigated.

For this purpose three prepolymers were formed as described in section 2.8.8., the
third one being however too viscous resulting in inhomogeneous mixing and was
therefore not suitable for analysis. Table 3-16 shows the NCO values and the viscosity of

the prepolymers used in this study.

Table 3-17: Characteristic valuesfor the B-compgnents used in this study.

B-component Iscocyanate: %NCO Viscosity
Methanol [mPa.s/25°C]
M20A 100:0 31.50 201
Prepolymer 1 100:2 27.82 720
Prepolymer 2 100:4 24.80 3017
Prepolymer 3 100:6 21.91 »5000

The A-component B(l/i) was foamed in the usual way using the prepolymers detailed
in Table 3-17 as the B-components. An increase number of finer cells were nucleated with
decreasing % NCO (Fig. 3-47) leading to nucleation numbers on a par with levels obtained
with the perfluorohexane - blown (emulsion) system (Fig. 3-48). It was also observed that
with decreasing %NCO there was an improvement in the compatibility between
components A and B. This is clearly seen in the photomicrographs in Fig 3-49. This
presumably aided the formation of an increase number of smaller nuclei as can be seen in

Fig. 3-48. This increase 0f 60% was considered significant.
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Fig. 3-47: The average nucleus diameter with respect to time for foaming of the A-
component B(1/i) with the various B-components: M20A, prepolymer 1 andprepolymer 2.

Cream time and gel timefor allfoams were 60s and 200s. Density ofallfoams &55g/I.
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Fig. 3-48: The nucleation number [1/g] with respect to time for foaming of the A-
component B(l/i) with the various B-components as discussed in Fig. 3-47. Cream time

andgel timefor allfoams were 60s and 200s. Density ofallfoams ~ 55g/I.
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Fig. 3-49: Photomicrographs ofthefoaming ofthe A-component B(l/i) with the various
B-components Isocyanate (top), prepolymer 1 (middle) and prepolymer 2 (bottom) taken

at cream time (60s). Increase compatibility with decreasingfree NCO%.
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This prompts a method in producing finer cells. Ofcourse, other foam properties such
as mechanical strength, its ability to flow etc. would also be altered, the realms of which

could form the bases ofa further study.

The surface tension ofthe B-components with and without surfactant were measured.
Here it was noted that the surface tensions of the various B-components remained
relatively constant (47mN/m +ImN/m). The addition of the surfactant reduced the surface
tension in all cases, however, increasing the value from 23.2mN/m to 30.6mN/m, with
decreasing %NCO. These results are illustrated in Fig. 3-50, where the surface tension of
the A-component B(l/i) is also depicted. As already stated the compatibility of the two
components increases with decreasing free % NCO. This is despite an increase in the
difference in surface tensions between the A- and B-component. Logic would expect that

components with similar surface tensions would be more compatible.

Correlating these results with the nucleation numbers obtained, again contradicted
theory10 by showing an improvement in nucleation with decreasing %NCO despite an

increase in surface tension.

60
W ithout Surfactant
50 o . .
40 A-Component
W ith Surfactant (1%)
J 30 n _
iZ . B (/i)
.20 -
to
10
0 '
20 25 30 35 40
%NCO

Fig. 3-50: The surface tension ofthe B-components with and without 1% ofsurfactant I.

The A-Component, B(1/i), has a surface tension 0f22.57mN/m.
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Table 3-18: Effect of the prepolymer on the end cell diameter and the estimated

nucleation number (NZcOmEach samplefoamed with B(1/1).

Prepolymer Cell Diameter NZcq
[jun] [1/g]
M20A 444.70 3.73x105
Prepolymer 1 384.17 5.79x10s
Prepolymer 2 373.07 6.45x10s

The end cell diameter was measured as described in section 2.9. from which the NZcai
was calculated (see Table 3-18). These lay in good agreement (although having a lower
tendency) with the experimental results. The calculated nucleation number increased with
decreasing free % NCO from 3.73x105 [1/g] to 6.45x105[1/g]. These calculated nucleation
numbers are comparable to that of the system foamed with the A-component C(VI/i)
which exhibited the homogeneous nuclei and as a result the finest cell structure. It had a

calculated nucleation number of 1.63x106[l/g] (see Table 3-7).

The implementation of prepolymers proved to be a valid method in improving the
nucleation number of the foaming process. This was as a direct result of the increase
compatibility due to the reduction in the percentage free NCO. Further compatibility

studies ofvarious B-components is recommended.
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3.5.10. Influence ofFiller on the Nucleation Process

Heterogeneous nucleation at the liquid/liquid interface is the main type of nucleation
in the foaming process20. Another type of nucleation that is possible is heterogeneous
nucleation at a solid/liquid interface. These interfaces are produced by the insertion of
organic fillers into the A-component. Fillers are not generally used in polyurethane rigid
foams because they negatively influence the mechanics of the foam and cause problems

such as abrasion in the machines on the production line.

All A-components analysed were clear, eliminating the possibility of a dispersion,
which could induce heterogeneous nucleation at a liquid/solid interface. Fillers, latex and
graphite, were added separately to two A-components of the type A(I/i) and subsequently

reacted with the B-component in the usual manner.

The presence of a filler had no effect on the initial number of nuclei regardless of
type. This can be seen in Fig. 3-52. The size of the nuclei remained similar up until cream
time (Fig. 3-51), when the rate of growth deviated resulting in diameter size differences at
gel time from circa 140|im for the system without a filler to 110(am and 70|im for the
systems with latex and graphite respectively. This indicates that the presence of a filler
does not influence the nucleation process but effects the subsequent stabilising of the

nuclei, spatially hindering foam growth.

It was not possible to ascertain whether the nuclei were formed at a liquid/liquid
interface or a liquid/solid interface. Interesting was to note that the graphite gathered in
the struts of the foam aiding the homogeneity of the cells by acting as a form of
scaffolding for the cell structure. Unlike the graphite (7]im), it was not possible to observe

the latex itself (0.3 jam) under the microscope as the limit of observance is I(xm.
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Fig,. 5-51: 77ie average nucleus diameter with respect to timefor the foaming ofthe A-
components B(1/i) containing 1% filler, graphite and latex. Cream time and gel time are

60s and 200s respectively; density &55g/l.
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Fig. 3-52: The nucleation number with respectto timefor the same system as described in

Fig. 3-51. Cream time and gel time are 60s and 200s respectively; density » 55g/I.
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Fig. 3-53: Photomicrographs indicating the effect of afiller on the nucleation process;
top: latex, bottom: graphite. The black graphite is clearly seen however, the latex size

(0.3pm) prohibits its observation.
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Table 3-19: The effect ofafiller on the surface tension, S, cell diameter and calculated

nucleation number.

5 Cell Diameter NZdi|

Filler [mN/in] [jim] [1/g]
No filler 22.57 444 .47 3.74 x105
Graphite 22.80 416.77 4.54 x 105
Latex 22.72 427.72 4.50 x 10s

The presence of filler had a negligible influence on the surface tension with an
average value of 22.70mN/m. The surface tension values are tabulated (see Table 3-18)
along with the measured end cell diameters and the calculated nucleation numbers. The
values, however, are not consistent with the initial nucleation numbers obtained from the
in-situ study but reflect the end cell diameter tendencies. This is a direct result of using
the end cell diameters for the calculation, which, as already stated, effectively ignores

processes prior to curing.
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3.5.11. CO2 Solubility

As described in the theoretical section (section 1.5.1.) the gas dissolution stage is the
first step in forming nucleation sites. The solubility of CO2 was analysed to establish the
dependency of the amount and/or type of surfactant in the system on the formation of
these nucleation sites. The solubility is considered as the maximum concentration of gas

in the polymer.

Implementing the IR method as described in section 2.14., the following three A-
components were analysed: The A-component A(0/i) containing no surfactant, A-
components A(l/i) and A(Il/i). Particular emphasis was placed on the CO region of the

spectrum i.e. between 2360-2300 cm'L

Table 3-20: The effect of the surfactant on the solubility of CO2 The A-components

A (0/i) (without surfactant), A (I/i) and A(ll/i) were analysed as described in the text.

Sample Surfactant Extinction Integration
[%] 2360-2300cm"1 1ISeO”0O0cinl
A(0/i) 0 0.989 7.464
A(1/i) 1 0.960 7.234
A(l/) 1 0.988 7.429

A comparison of the spectra to their respective background spectra showed no
increase in the CO peak (see Fig. 3-54) and therefore no influence from the surfactant was
established. Integration of all three peaks resulted in equal areas under the curves (see

Table 3-20), indicating no influence from the type of surfactant.

Perhaps the B-component influences the solubility of the CO2. However, the analysis

of the solubility of CO2 in the B-component is limited as the isocyanate and CO2 peaks

overlap in an IR spectrum.
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Fig. 3-54: The IR spectrum in the ranges between 2360-2300cm'for the analysis of
solubility of CO2 in the A-components. Peaksfor the three samples (A-components with

and without surfactant) overlapped.

The results were verified by comparing them to those obtained from the method of
partial pressures. It should be noted that three times the amount of surfactant was used in
A(I/i) for this experiment so as to observe a dramatic difference between the samples. The
initial values for the total pressure (0.01Ibar) were obtained from the vapour pressure
analysis conducted as described in section 2.13. The solubility coefficient, a, was

calculated using the following formula

g = w(ceA (57)
(P-Po)

where, p is the total pressure of the sample, po is the vapour pressure of the sample and
w(C02 is mass of COz2 in the liquid phase. This resulted in a-values of 0.00274bar"1and
0.00270bar'1for A(0/i) and A(I/i) respectively (see Table A10-1 in Appendix 10), i.e. the
amount of surfactant has no influence on the solubility of carbon dioxide into the system.
As can be seen from Fig. 3.55 this is valid for vapour pressures in the temperature range

during nucleation, i.e. between 20°C - 40°C (see thermal analysis in section 3.2.2).
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T[°C]
Fig. 3-55: Experimental values for vapour pressures of CO2 in the A-component A(Ui)

(with (3%) and without surfactant) across a given temperature range.

Deviations in vapour pressures occur only after circa. 100°C, which is normally
reached after gel time. Therefore it is possible to deduce, supporting the IR results, that
solubility of the blowing agent carbon dioxide in the A-component does not influence the

nucleation process which is in the temperature range of 25°C.
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3.5.12. Optimisations

As a consequence of the results obtained from the in-situ microscopic analysis
developed in this work, the following systems were considered as a way of optimising the

nucleation number.

The first method was an optimisation of the surfactants. It was proven that the
surfactant has no influence on the nucleation process and that it is the surfactants
emulsifying and/or stabilising abilities which effect the foaming process and consequently
the end cell size. Therefore, the surfactants which showed the greatest emulsifying and
stabilising ability, i.e. V and 11l were added in the ratio of 1:1 (total 1%) to the model A-
component forming the new optimised A-component B(IlI:V/i). This optimised A-
component was foamed with the B-component M20A under the usual conditions. Fig. 3-
55 shows that the A-component B(I11:V/i) resulted in similar initial nuclei sizes, again
indicating that the surfactant has no influence on the nucleation process. The stabilising
ability of the surfactant mixture improved the average nucleus size however not
significantly. However, the foaming system was more stable than the system foamed with
B(V/lI) as the A-component as indicated by the constant nucleation number for the

optimised system in Fig. 3-56

It has been found70that a complex interaction takes place between the surfactants and
that it is not possible to simply “add together” positive properties of separate surfactants.
This optimised system showed no increase in the nucleation number as would have been
expected through the émulsification ability of surfactant V (as seen for the foaming of
B(V/i) in Fig. 3-56 - middle photomicrograph). The foam’s overall stability improved
from that of the unstable system B(V/i). Thus proving that the interaction between

surfactants is complex and the addition ofpositive properties is not possible.
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Fig. 3-56: Photomicrographs ofthefoaming ofthe A-component B(lll/i) (top) and B(V/i)
(middle) compared to the optimised A-component B(ll1:V/i) (bottom). All foamed with

M20A as the B-component.
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Fig. 3-57: Optimisation: The nucleus diameter with respect to timeforfoaming with a A-
components containing 1% o fsurfactants Ill, V and a total 0f1% o fsurfactants I11: V. The
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Fig. 3-58: Optimisation: The nucleation number (NZG with respect to time for the
foaming o fthe systems described in Fig.3-56. Cream time »30s, gel time »200s, density

~55¢g/l.
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The possibility of increasing the nucleation number by improving the compatibility
between A- and B-components was shown in the results obtained from the prepolymer
studies. With this is mind a second optimisation was tested. Using prepolymer 1 as the B-
component and B(V/i) as the A- component, surfactant V showing the most emulsifying
tendencies of the surfactants analysed. Prepolymers also showed a stabilisation tendency.
By exploiting the stabilisation ability ofthe former and the emulsifying ability ofthe latter

itwas hoped to produce a stable foam with a high nucleation number.

The A-component B(V/i) was foamed with prepolymer 1 as the B-component in the
usual manner. As usual, cream time was set to 30s, gel time to 200s and the core density

ofthe foam was 55g/l comparable to all other foams.

This optimisation led to the formation of the same number of initial nuclei as for the
foaming of the A-component B(V/l) with M20A (see Fig. 3-60). The increase in
compatibility between the A- and B-component is see in Fig. 3-59. The improvement in
stability is clearly visible in Fig. 3-60 and Fig. 3-61, totally eliminating coalescence and
disproportionation which occurred during the foaming of the A-component B(V/i) with
M20A as the B-component. End nuclei diameters in Fig. 3-60 and nucleation numbers
[NzQ in Fig. 3-61 are in the range of those obtained from the foamed system with B(l/i)

asthe A-component and prepolymer 1as the B-component (see section 3.5.9).

As already stated in section 3.5.9. prepolymers are not implemented in polyurethane
rigid foam formation as these delay curing. For our purposes these were implemented to
study the effect of the improvement of compatibility between A- and B- components on
the nucleation process. It has been proven that increase in compatibility improves the
nucleation numbers. Further research should be carried out on other methods and foam

formulations for the improvement of compatibility between A- and B- components.
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Fig. 3-59: Foaming with the A-component B(lll/i), B-component M20A (top); the A-
component B(l/i) foamed with prepolymer 1 (middle) compared to the optimised system of
the A-component B(lll/i)foamed with prepolymer 1 (bottom). Photomicrographs all taken
at 60s.
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Fig. 3-60: The average nucleus diameter with respect to time for the foaming of the
optimised system o fthe A-component B(V/i) with the B-componentprepolymer 1. Cream

time »60s, gel time »200s, density » 55g/I.
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Fig. 3-61: The nucleation number (NZG with respect to time for the foaming of the

optimised system ofthe A-component B(V/i) with the B-componentprepolymer 1. Cream

time »30s, gel time »200s, density » 55g/I.
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4.1. Applicability to Commercial Systems

Foaming in a beaker leads to foam cells which are larger than when foamed on the
production line with high pressure machines. Nevertheless, beaker tests are used as a
general overview for the characteristic times of foaming as well as for calculating core
densities and measuring temperature and pressure reactions. During the in-situ analysis,
however, only a sample from the beaker was analysed. Moreover, the A-components in
this work were model systems with very slow reaction times, leading to the question -
how applicable are the results to commercial systems? From the good correlation between
the calculated nucleation numbers (which uses end cell values from the beaker) and the
observed nucleation values it was proven that the results from the in-situ analyses are
representative of the process which happens in the beaker test. However, more
importantly, do these results represent values from the production line using commercial

systems?

Firstly, we looked at the developed systems 1. Generation, 2. Generation and 3.
Generation which are commercialised wunder the names Elastopor®H210/147,
Elastopor®H2030/13 and Elastopor®H?2030/40. These are thermal insulation foams for
refrigeration appliances which are fully CsH 10/H20 blown foams. These are on the market
and have published thermal conductivity values of 20.8mW/m-K, 20.1mW/m-K and
19.3mW/m-K respectively8. This is partly as a result of their cell size, details of which are
shown in the Table 4-1. On measuring the surface tensions of these systems the indirect
proportionality to the cell size, as was seen with the model systems, was highlighted. This,
yet again, showed that despite an increase in surface tension, the 3. Generation had
smaller cell sizes and therefore a better thermal conductivity value. One can deduce that it
is not the surface activity of the surfactant, i.e. its ability as a stabiliser, which influences

the formation of finer cells but rather its ability as an emulsifier or a combination ofboth.

Once again, this highlighted the unsuitability of the surface tension measurements as

a gauge for optimising foam formulations for the formation of finer cells.
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Table 4-1: The applicability o fthe in-situ study to retail systems 1., 2. and 3. generations.

Cell diameter and thermal conductivity values were obtainedfrom reference 8.

O Cell Diameter NZc X
System [MN/m] [fun] [MW/m-KJ
1. Generation 25.00 267 3.04 20.80
2. Generation 29.00 226 431 20.10
3. Generation 33.00 220 4.56 19.30

It was then decided to test the effects of different amounts of surfactant in a retail
system, Elastopor®H?2030/62. For this purpose the amounts of two surfactants X and Y
were varied in the system Elastopor®H2030/62. Surface tension curves, although
somewhat higher, correlated well with that of the model system B(l/i). At concentrations
greater than the critical micelle concentration, which lay between 0.2-0.3%, there is no
great effect of the surfactant concentration on the surface tension. This is also true for the

cell sizes as tabulated above.
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Fig. 4-1: The surface tensions of the commercial system Elastopor®H2030/62 with

various amounts and types ofsurfactants X and Y. Critical micelle concentration (CMC)

lies in agreement to that o fthe model system B(l/i).
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Table 4-2: The effect ofvarious surfactant types [1%] on the surface tension, 8, end cell
diameter, nucleation number and thermal conductivity value, A, for the commercial

system Elastopor®H?2030/62.

Surfactant 0 Cell Diameter NZG| X
[mMN/m] [iim] [1/7g] [mMW/m-K]*
W 24.30 254.8 2.97 19.9 £0.2
X 23.80 285.5 2.10 19.5 +0.5
Y 23.70 303.5 1.83 19.9 £0.3
Z 23.80 3394 1.24 194 £0.4

is an average o fthe thermal conductivity values measured at the beginning, middle and end ofa brett-

mould.

The effects of different types of surfactants in the retail system Elastopor®H2030/62
were also studied, the results of which are tabulated in Table 4-2. The cell sizes do not
correlate with the surface tension values. A-components containing surfactant X and Z
have equal surface tension values of 23.8mN/m but their cell diameters deviate from each
other. The cell size can be influenced by the surfactant type. This influence however is not

quantifiable by means ofthe surface tension.

Fig. 4-2 indicates once again the complexity of the nucleation process. Here the
influence of the polyols and their compositions is highlighted. The commercial system
Elastopor®H?2030/62 with different surfactants X and Y have similar nucleation numbers.
However, changing the polyol composition to that of another commercial system,
Elastopor®H2030/68, increases the nucleation number. The surfactant type and amount
remains the same illustrating the influence of the composition of the polyol on the

nucleation process. This is an area of possible study for the future.
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Surfactant Amount [%]

Fig. 4-2: The effect of the surfactant on the (calculated) nucleation number of various
systems. Here A = Elastopor®H203Q/68 and B = Elastopor®H2030/62 analysed with

various surfactants X and Y.

To summarise, the surface tension of commercial systems is not an indication of its
ability to nucleate. Surface tension values are not directly proportional to cell sizes
reinforcing the proposition developed by this work that a lowering of the surface tension
does not automatically result in a higher nucleation number. The nucleation process is
complex, being influenced by not only the composition of the components of the
formulations but also by the interaction ofthe components with each other. In Conclusion,

we can say that deductions drawn from experimental apply to commercial systems.
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5.1. Conclusion

After many studies into the various factors influencing the properties of polyurethane
rigid foam68, it is now widely accepted that the foam morphology has a major influence on
the thermal conductivity. A large potential to reduce the thermal conductivity lies in the
possibility of reducing the IR radiation contribution through the cell size. From these
studies the importance of the understanding of the foam formation process, and in
particular the nucleation process, has been highlighted. The nucleation process is
considered as the process whereby the gas nuclei, which expand to form the cells of the
foam, are formed. It has therefore a direct influence on the foam morphology, i.e. cell size
and shape. With the aim of gaining a deeper understanding of foam formation and the
nucleation process, in order to develop possibilities in influencing it and to ultimately
reduce the thermal conductivity, a method was developed for the in-situ analysis of the

nucleation process.

With the aid of a stereomicroscope coupled to a pc-controlled imaging system, the
nucleation process was systematically analysed. The measured number and size of nuclei
per observed area were corrected, taking such factors as sample and density growth into
consideration. This allowed for an accurate evaluation of the nucleation number per unit
polymer mass. The method was optimised leading to the following advantages as a
method ofanalysis of foaming:

1. Target orientated.

2. Process sensitivity can be estimated.

3. Critical process factors can be identified.

4. Avoidance of costly trials on a larger scale and minimising the number of
experiments.

5. An aid in achieving optimal products.
Three primary model systems were analysed, A(l/i), B(l/i) and C(V1/i). The influences

of the various reagents such as, blowing agents, surfactants, catalysts, fillers, and

prepolymers, on the nucleation process was investigated, giving the following results:
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Nucleation in all experiments carried out was homogeneous. Perfluorohexane-blown
foams C(VI/i) showed finer and more nuclei in comparison to water/carbon dioxide-
blown A(I/i) and cyclopentane-blown B(l/i) foams. The formation of the nuclei however,
is only possible in the presence of an emulsifier as the surfactant VI does not have the
ability, being hydrophilic inclined, to emulsify the blowing agents droplets that disperse in
the system. Foams blown with the A-component A(l/i) showed a tendency for
coalescence, while foams foamed with the A-component B(l/i) showed a tendency for
disproportionation. Foaming with C(VI/i) resulted in a stable foam unaffected by either
coalescence or disproportionation. These phenomena are a sign of an unstable system and

are influenced by surfactant type and amount.

An in detail analysis of the surfactants influence on the nucleation process of
polyurethane rigid foam was presented in sections 3.5.5. and 3.5.6. Silicone surfactants
have little influence on the nucleation number. In fact, they show negative tendencies.
The surfactants can be classified as having either an emulsifying or a stabilising ability.
Once the nucleus is formed the surfactant aids the stabilising of that nucleus. When the
surfactant amount lies under the critical micelle concentration the system is unstable as
not enough surfactant is present and coalescence and disproportionation prevails. Even
with sufficient surfactant (i.e. surfactant concentrations greater than the critical micelle
concentration) coalescence (however negligible) is more prevalent in H20-blown foams,
diproportionation being more prevalent in CsHio-blown foams. As already discussed

neither processes occur in the stable CeFis-blown foams.

The varying degrees of stabilisation were analysed by means of the hydrophile-
lypophile balance (HLB). The higher the percentage ethylene oxide groups in the
surfactant compound the more hydrophilicthe compound and vice versa. The
hydrophobic Si backbone should not be too long and the molecular weight of the
surfactant should not be too large. It was proven that the more hydrophobic the surfactant
the more it acted as a stabiliser while the less hydrophobic the surfactant the more it acted
as an emulsifier. An ideal surfactant would have the perfect balance of both. The
alternative use of two surfactants, one which is highly stabilising and the other highly
emulsifying, does not automatically ensure an additive effect ofthe positive properties. A-

components with the hydrophilic surfactants proved under microscope to act more as an

179



An In-Situ Study o fthe Nucleation Process ofPolyurethane Rigid Foam Formation

emulsifier, indicating insufficient stabilising abilities by the presence of coalescence etc.
Surfactants with emulsifying tendencies show a nucleation bias. However, the hydrophilic
strength of the surfactants in this study was not enough to considerably increase the
nucleation number. A separate emulsifying agent is perhaps necessary. On the other hand,
hydrophobic surfactants, in amounts above the critical micelle concentration, lend
extreme stability to the foaming system. In this way the surfactants influence the end cell
morphology but not the nucleation process. The size of the initial nucleation sites
remained constant regardless of surfactant type. The type of surfactant and their effect on

the nucleation process is schematically illustrated in Fig.5-1.

Results obtained proved that the surface tension is not an indication of the nucleating
ability of the system. Surprisingly, systems with higher surface tensions tend to have the
finest cell size. Therefore, surface tension measurements should not be a gauge for the

nucleation ability of a foaming system.

Fig. 5-1: Depending on their hydrophobic / hydrophilic strengths, surfactants have either
emulsifying or stabilising abilities. Stabilising strengths is observed in surface tension

measurements. These have however, no influence on the nucleation process but aidfoam
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morphology formation. Emulsifying surfactants only slightly increase nucleation

numbers.

Critical radii, rb* and consequently critical free energies, AF*, were calculated for the
model A-components B(l/i), B(ll/i); B(lll/i), B(IV/i) and B(V/i). Experimental results
contradicted the theoretical results. This is possibly due to the surface tension dependency
of rb* and AF* when using theory. In reality we have shown that the nucleation number
of polyurethane rigid foam is not dependent on the surface tension of the A-component.
Future work on the measurement of the interfacial tension between A- and B-components

is suggested.

The viscosity of the system has no direct influence on the nucleation process. A-
components which have lower viscosities are easier to mix, possibly improving the
number of possible nucleation sites. On the other hand, higher viscosities prevent the

coalescence of formed nucleation sites.

Catalysts, not being surface active, have no influence on the surface tension. Catalysts
affect the nucleation process by speeding up the reaction rates, allowing a fast pressure
change needed for nucleation. The faster the pressure change the more homogeneous the

cell size. The faster the reaction the finer the cells produced.

The implementation of prepolymers as the B-component improves the compatibility
between the A- and B-components by decreasing the %NCO in the B-component. In-situ
analysis in section 3.5.9. showed that decreasing the percentage free NCO the
compatibility of the components increased which subsequently increased the nucleation
number. Further compatibility studies with other prepolymers are suggested.

Surfactants lower the surface tension of the B-component. However, decreasing free
%NCO increases the surface tension. This reinforces the proposition that the surface

tension does not indicate the nucleation ability ofthe system.

Fillers were implemented with the aim of analysing heterogeneous nucleation at a
liquid/solid interface as described in reference 20. Unfortunately it was not possible to

differentiate between heterogeneous nucleation at the liquid /liquid interface and at the
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liquid/solid interface. The heterogeneous properties of A- and B-components out weighed

these effects. Fillers showed no influence on the nucleation number.

The solubility of CO2 in the A-component over the reaction’s temperature range is
independent of the presence of surfactant. This was tested in section 3.5.11. using IR
spectroscopy and vapour pressure measurements of A-components with and without

surfactant.

At the beginning of the experimental, Fig.2-1 showed a schematic representation of
the questions posed at the start of this work. In Fig. 5-2 below these questions have been

solved.

Fig. 5-2: Schematic representation o fthe results. See textfor detailed explanation. **see

Fig 5-1for clarification.

The blowing agent influences the nucleation process by influencing the local
temperature, pressure and viscosity. By controlling the rate of pressure and temperature

change the catalyst can also positively influence the nucleation process. A faster rate in
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temperature or pressure change results in a more simultaneous nucleation of finer cells.
The influence from the B-component was studied by implementing prepolymers.
Decreasing the % NCO resulted in an increase in nucleation number through an improved
compatibility and an increase in viscosity. It is not possible to mathematically quantify
compatibility between A- and B-components. However, with the aid of the method
developed it was possible to optically estimate compatibility by microscopic analysis.
This was also necessary during the study of the surfactants effect on the nucleation
process. Here though, with the aid of the HLB-values, the emulsification ability or the
stabilising strength of the surfactant was verified. This has already been discussed with

respect to Fig. 5-1.

In order to prove that the admittedly small sample analysed was representative of the
nucleation in the bulk, commercial systems which were foamed on the production line
with high pressure equipment. For this purpose the commercial systems
Elastopor®H210/147, Elastopor®H2030/13, Elastopor®H2030/40, Elastopor®H2030/62,
Elastopor®H2030/68 were analysed with respect to cell size, surface tension, nucleation
number and thermal conductivity values. Surface tensions were indirectly proportional to
the nucleation number. Critical micelle concentrations lay between 0.2-0.3% surfactant, in
good agreement to the experimental model systems. The end cell size and consequently
the nucleation number is directly proportional to the thermal conductivity value. Results
were in agreement to results obtained during the study of the model system proving that
conclusions drawn from the method of analysis developed are applicable to commercial

systems.
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6.1. Future Work

The in-situ microscopic study of the nucleation and foaming process proved to be a
useful tool in this work. The experiment is quick and the results showed to be
representative of that which happens in practice. Therefore, this method can be
implemented as a tool for the prediction of foam properties in the regulation of new

foams.

Such experiments have already been carried out. During the testing of a new
formulation it was noted that even a minute amount [0.05%] of a certain acrylate-type
leveller prevented foaming. Levellers are used to improve the distribution of dye coverage
on metal surfaces, eliminating the presence of gaps or voids. Microscopic analysis showed
that this was due to rapid coalescence indicating a destabilising property of the leveller.
Similarly, another acrylate-type leveller was also tested. This leveller aids foaming. Under
the microscope the system demonstrated stability. However, the leveller fell out of the
system and particles (<1.0pm) were observed on the surface of the bubbles. These
particles perhaps served as additional heterogeneous nucleation sites, improving foaming.
The photomicrographs taken during the analysis are shown in Fig. 6-1. Further in-situ

analysis on the formation ofvoids is also possible.

In the future, the following points should be taken into consideration with respect to

the nucleation process during the foaming of polyurethane rigid foam:

e Perfluoroalkane-blown foams have more nuclei from the start

¢ Nucleation is highly dependent on émulsification.

» Surfactants have a negligible influence on the nucleation process.

e Surfactants improve the stability of the foam and thereby improve the foam
morphology.

e Increasing the compatibility between A- and B-components increases the nucleation

number.
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t=60s (Stomoit)

t° 200s (Abbindczcll

Fig. 6-1: Left, from top to bottom: foaming with an acrylate leveller which inhibits
stabilisation, resulting in coalescence andfoam destruction. Right,from top to bottom: the
foaming of a stable system with a different type ofacrylate leveller which aids foaming.

The rings indicate where the particles are sitting on the surface o fthe cell.
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W ith these points in mind the following could be considered worthy of investigation:

e The influence of the polyol on the nucleation process. This was beyond the scope of
this work but results indicated a possible polyol dependency.

* As already stated in the work, the determination of the catalysts’ influence on the
isocyanate-hydroxyl and/or the water-isocyanate reaction with respect to nucleation is
also worth analysing.

 Also highlighted was the increased nucleation due to prepolymers. Maintaining other
properties of rigid foam such as mechanical strength and its ability to flow, the
implementation of prepolymers could be exploited.

e Interesting would be experiments carried out under high pressures and if possible in-
situ photomicrographs during the production of commercial systems on high pressure
machines.

* A method to measure dynamic surface tension during foaming could improve the
understanding of the roll of the surfactant. An analysis of the interfacial tension

between A- and B-component would also be interesting.
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7.1. Nomenclature

A m 2 Interfacial area

Ao m?2 Sample area at 60s

A 200 m?2 Sample area at 200s

Ay - W assiljewa constant

A, - Lateral amplification

a [im d perpendicular to temperature gradient
b @gm d parallel to temperature gradient

Co moles Gas molecule concentration

Co* moles Reduced concentration ofgas molecules
C mol Concentration of dissolved gas

c (am Cell wall thickness

d fim Cell diameter

do mm Object distance

d’o mm Image distance

D m2s Difiusivity ofgas

E N/m Film elasticity

AF kJ /mol Helmholtz free energy change

AF* kJ /mol Critical free energy

F mol/m2 Molar rate of diffusion

F+ mN Force

f mm Focal distance

for - Sample growth factor

fs % Fraction of polymer in the struts

fo % Frequency factor for homogeneous nucleation
AG kJ/mol Free Enthalpy

h m Height of cylinder

J cm3s Rate ofnucleation

Jhet cmVs Heterogeneous nucleation rate

Jmod cm3s Modified homogeneous nucleation rate
K cm'l Extinction coefficient

K-strut cm'l Extinction coefficient of stut
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Kwall cm*1 Extinction coefficient of wall

k IK’1 Boltzmann constant (1.38 x 10'23JK ')
kb wWm'XK4 Stefan-Boltzmann constant (5.67 x 10'8 Wm 2K 4)
L m The mean free path of air

M mol/kg Molar mass

M h g Hydrophilic molecular mass

M Okj . M agnification of objective lens

Moc - M agnification of ocular lens

M, . Total magnification

mec kg Mass ofgas molecule in the critical nucleus
Nc . Number ofcomponents

Nv - Number ofparticles per unit volume
NZ 1m?2 Nucleation number

NzC 1/g Nucleation number corrected

N Z cai 1/g Nucleation number calculated

nb J/mol K Gas mole number

P bar Pressure

Po bar Environmental pressure

Pb bar Gas pressure inside the bubble

Ps bar Saturation pressure

P mex bar Maximum pressure

Po bar Vapour pressure

4a Tube factor

r (am Radius of cell / bubble

R Jimol K Universal gas constant (8.31441 J mol'1K ')
rb* [im Critical radius

Re - Reynolds number

S kg/m3 Solubility

S(mg) jam2 Surface area of the critical nucleus

T K Temperature

Ts K Gas saturation temperature

Tmax K Maximum temperature

t S Time
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D S Time scale for diffusion

n S Time scale for nucleation

\Y jam3 Cell envelope divided by (47i/3)

Vb HM3 Volume of bubble

\Vz HmM3 Volume of cell

Vg HM3 Volume of gas

\i HM3 Volume of foam

X m Distance in the direction of diffusion
yi - The mole fraction ofthe i* component
z : Zeldovich non-equilibrium factor
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7.2. Greek Symbols

bar'l
emt
mN/m

m2

mN/m
mPa*s
mW/m*K
mW/m*K
mW/m*K
mW/m*K
mW/m*K
mW/m*K
mW/m*K
mW/m*K

bar

kg/m3
kg/m3
kg/m3

kg/m3

Pa

mN/m

Solubility coefficient

Correction factor (tensiometer)

Emissivity

Surface tension

Collision diameter of air (4 x 10 '10m2

Surface tension of initial pure liquid

Viscosity

Thermal conductivity

Thermal conductivity through the gas

Thermal conductviy of air at atmospheric pressure
Thermal conductivity of the pure ith component
Thermal conductivityofa gas mixture

Thermal conductivity of the compact polymer
Radiative heat transfer

Thermal conductivity through the solid
Average value

Spreading pressure of an adsorbed surfactant( = y0 -y)
Density

Foam density

Density of solid polymer

Standard deviation

Porosity

Induction period

Macroscopic gas density

Surface tension
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Appendices

Appendix 1

Key to Composition ofSystems Used

B-Component:

The principal B-component was M20A, an MDI-type polyisocyanate with a free

NCO content of 31.5%. Other B-components used were prepolymers 1 and 2 whose data

are presented in the table below:

Table A l-1: The %NCO and the viscosity ofB-Components used in this study.

B-component Iscocyanate %NCO Viscosity [mPa.s]
:Methanol @25°C
M20A 100:0 31.50 201
Prepolymer 1 100:2 27.82 720
Prepolymer 2 100:4 24.80 3017

A-Component:

The A-component was varied according to experiment. The various formulations are

tabulated on the next page in Table Al-2. In Table Al-3 the viscosity and density at 25°C

of the A-components A(l/i), B(l/i) and C(VI/i) with and without their respective

surfactants are tabulated. It was important each systems formulation was set such that the

following characteristic times and density applied to each system when foamed:

Cream time
Gel time
Rise time

Density

60s +1Cs

= 200s +10s
= 300s +10s
= 55g/1 + Ig/1
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Table Al-2: Clarification of the formulations ofthe A-components used throughout this

work
ACM) B(1/i) B(11/i) B(HI/i) B(IV/i) B(V/i) B(lii) B(l/iii) B(l/iv) C(VIh)

A-Coiuponcnt v HPI
Polyol 1 @ @ » @ » @ / »
Polyol 2 @ @ » @ » @ @
DPG* @ @ @ @ @ @ « /
Water @ @ » @ n @ »

%) wn (%) (7)) n wm

Cyclopentane
Perfluorohexane

StSi"' iifiISHI!illll

1(1.38)

I (1.15)
1 (1.77)
IV (4.18)
V (5.35)
VI (0.87)

Catalyst: -V : wWsw*U U f< mm aEEBs
c 84 In S y "V

cohlh?
c,,H2,0x
C32H6404Sn /

Emulsifier: ; PIPPjj 1315 IEI K ill. SiiH <i§31 WSSE
C ,2H 1003SFi7

Polyol 1= a polyol with starter materials of sucrose, glycerine and propylene oxide; OH No. 380-420.
Polyol 2 = a polyol with starter materials of propylene glycol and propylene oxide; OH No. 235-260.
*DPG = dipropylene glycol

Table Al-3: The viscosity and density of the A-components A(M), B(l/i) and C(VJA)
with (1%) and without (0%) their respective surfactants.
Viscosity [mPa.s] @25°C Density[g/cm3] @25°C

A- 1% 0% 1% 0%
Component

Am 819 802 1.069 1.069
B(I/i) 240 208 1.021 1.011

C(VIh) 967 973 1.101 1.096
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Appendix 2

Example of Gaussian Distributions Obtainedfrom In-Situ Analyses

Yi[%]

X, Average-45,m X2 noA

Fig. A2-1: Theprobability netofthe nucleus size distribution ofa samplefoamed using the
A-component B(l/i)with the B-component M20A at cream time 0f60s. Wherey =50, x =

average value, fi. Standard deviation, 0 = (x2-xi)/2.
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Nucleus Diameter [jim]

Nucleus Diameter [pm]

Nucleus Diameter [fim]
Fig. A2-2: The average nucleus diameter, pi and standard deviation, a of the various
systems were obtainedfrom their respective probability nets and their values substituted

into the givenformula toform typical bell-shaped Gaussian distributions.
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Appendix 3

Positron Emission Tomography Results

Clinical tests such as magnetic resonance imaging (MRI) have previously been
implemented in the study of a very slow (12h) evolving gelatine foam42. It was possible to
analyse the foam interior and to reconstruct the topology at set intervals. The reaction of
polyurethane foaming takes place in a matter of seconds and although a system was
regulated, which would be considered very slow, it still had a rise time of only 5mins.
Therefore, this method was considered unsuitable. However, an attempt was made to
examine the formation of PU rigid foam by means of another clinical radio chemical
application - positron emission tomography (PET). PET involves the use of radio-labelled
compounds that decay by positron emission. In this decay process, a positron is emitted
from the nucleus and is annihilated in a collision with a negatively charged orbital
electron. In the annihilation reaction, the two particles are converted into two y-rays,
which travel away from each other at an angle of 180° where two opposing detectors
detect them simultaneously. Therefore, it was possible to obtain a 3D image of the

foaming process.

P++e'"— 2y

According to the reaction schemes previously described (section 2.4.), by means of
the two radio-laballed compounds [130]JH20 and [130]butanol, the foaming process was
analysed. Due to the increased number of hydroxyl groups in the tracer mixture it was
necessary to reduce the amount of the polyetherpolyol in the system (A/i) by the

equivalent 2g. This ensured foaming without collapse.

It was possible to visualise the foaming process by PET, producing a radioactive
portrait of the foaming. Fig. A4-1 shows an overview of the PET images obtained at set
intervals using [13]H20 as the tracer. Going from left to right, top to bottom the foam
growth can be seen. Moreover, the technique failed to follow the various stages of
nucleation and foam formation including coalescence and/or disproportionation. This was
because of bad spatial resolution. An additional disadvantage was the speed of the system.

Despite this slow foaming system, the 2s timeframes of the PET-scanner were much too
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long. The dynamic growth of the polymer framework results in a continuous dilution of
the radioactivity. The former coupled with the later culminates in bad statistics for the
counting of the radioactive decay. A difference in the PET data obtained with [13]H20

and [150]butanol was not observed.

Therefore, PET has been proven an unsuitable method for the analysis of the
nucleation process due to bad spatial resolution of the PET technique and the velocity of
the foaming process. For a better spatial resolution computerised tomography, CT,
another medical imaging process, is possible. Pangrle et al7l have implemented this
technique on prefoamed PU flexible foam in order to analyse the end morphological
structure. However, in -situ studies have not been carried out primarily due to the addition

of heavy atoms such as iodine for the production of a contrast.

i ] Viav QiEm¢

Noes Bt BEBRISD RikttHO

Fig. A4-1: An overview of the positron emission tomographical images of the foaming
process of the radio active A-component A(l/i) with M20 as the B-component using

Hz1% ; growth proceedingfrom left tot right, top to bottom.
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Appendix 4

Two-Coloured Dynamic Light Scattering43Results

Dynamic light scattering (DLS) is an effective technique for investigating the
dynamics of a wide range of systems such as colloidal suspensions, solutions of polymers
and amphiphilic systems. It is necessary, however, for the sample to be relatively
transparent so that single scattering dominates and for the measurements obtained to
relate to properties of the medium. The light scattered by a turbid media, such as that
produced during polyurethane foaming, contains contributions from both single and
multiple scattering with complex results. Thus the traditional application of DLS is
restricted to transparent media. Two-colour dynamic light scattering, however, suppresses
multiple scattering and allows the study of the (Brownian) dynamics of optically turbid
systems. The technique operates by cross-correlating scattered light of two different
colours. With the appropriate scattering geometry, only single scattered light contributes
to the time-dependent part of the measured intensity cross-correlation function thus

allowing straightforward interpretation of the data.

This, however, was not possible with the data obtained from the foaming process of
polyurethane rigid foam. This was primarily due to the simultaneous nucleation of cells
with various diameter sizes after start time, through which a very complicated feed back
was obtained. Despite the sensitivity of measurement in the fam-area, the velocity at
which the initial nuclei grew was too fast, hindering the experimental measurement of the
critical radius, rb*. Therefore two-coloured Dynamic Light Scattering was also considered

ineffective in the analysis of the formation of PU rigid foam.
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Appendix 5

A Method to Calculate the Maximum Number ofPossible Nucléation Sites

In order to ascertain the maximum possible number of nucléation sites for the ideal

scenario, the following calculations were carried out, Assuming that

1 H20 -» 1 CO2(the second oxygen comes from the isocyanate, see reaction 1.4)
In model A-component A(l/i):

2.7% H20 present « 9.03 x 102 molecules H20 in 100g

Mixing ratio A: B = 40:60

-» 2.53 x 102molecules in A.

A+ B =70g

-» 2.53 x 1022 in 70g reaction mixture.

= 3.61 x 1020[I/g]

Every molecule of H20 formed one molecule of CO2

->3.61 x 1020molecules of COZ2per gram of reaction mixture are formed.

If for formation of a nucleus, a critical radius of 450nm is needed (see section3.5.6.)
—> critical diameter = 900nm
molecular diameter of CO2= 3.34 x 10'&m

-» 26 molecules COZ2necessary for each critical radius.

The number of nucleation sites is then equal to the number of CO2 molecules formed

divided by the number of CO2molecules necessary for a critical radius:-

361* Q0 =i 31 o0l9i/g]
26.94

This assumes that all nucleation happens simultaneously and ignores external parameters

such as rate of reaction, influence of increasing temperature or pressure.
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Appendix 6

Opened-Cell Polyurethane Foam Results

As described in the introduction polyurethane rigid foam can have a closed or an
opened cell structure (see Fig. 1-2). During the initial stages of foam rise the nuclei (cells)
are closed. Opening occurs when one or more cell wall ruptures, usually due to excessive
thinning so that the strength of the wall cannot resist the pressure in the cell. It was hoped
to microscopically observe the nucleation and foam formation of an opened celled rigid
foam. For this purpose an A-component which produces opened celled foams was foamed
with M20A as the B-component and analysed under the microscope. However, neither the
open cells nor the rupturing process leading to cell opening, could be microscopically

observed using the in-situ method of analysis.
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Appendix 7

Surface Tension

Surfactants when present at low concentrations in a system adsorb onto the surface or
interfaces of the system and therefore alter the systems surface tension or interfacial
tension. In other words, surfactants significantly reduce the amount of work required to
expand the interfaces and in the case of foaming some questions with respect to this need
to be answered. Do surfactants play a significant role in the nucleation / foaming process

and if so under what conditions? How and why do certain surfactants work as they do?

The surface tensions, 5 [mN/m], of the model system A(l/i), containing various
amounts of surfactant (1) were measured using the following three methods as described

in the experimental (see section 2.11.):

1. The Lecomte du Notiy Tensiometer
2. The Pendant Drop Method

3. Maximum Bubble pressure Method

1 The Lecomte du Noiiy Method

The surface tensions of each of the model A-components A(l/i), B(l/i), and C(I/i)
containing various amounts of surfactant (I) were measured using the ring method.
Results lay in good agreement with theory and a critical micelle concentration of 0.2 -

0.3% was obtained. See for reference Table A7-1 and Fig.3-38 in section 3.5.6.

2. The Pendant Drop Method

The surface tension of system A(l/i) with various amounts of surfactant was
measured using the described pendant drop method. The results obtained compared well
to those from the DeNouy method (see Fig A7-1 below) indicating that the available

tensiometer was accurate and sufficient for the analysis of the surface tension of the

systems.
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Table A7-1: The surface tensions measured ofthe various systems A(l/i), B(1/i) and C(l/i)

containing various amounts o fsurfactant (I) using the Lecomte du Notiy Tensiometer.

Surfactant Surface Tension
(N [mMN/m]
[%0] A(lN) B(1/i) cm
0.00 34.08 32.60 34.30
0.05 - 26.51 22.40
0.10 24.48 24.08 -
0.20 24.27 23.36 22.20
0.30 23.81 22.92 -
0.50 23.50 22.60 22.20
1.00 23.19 22.57 21.00
1.50 - - 21.30
2.00 - - 21.70
40 + *; Z |
0.mc,
35 a ; ! —a—Pendant Drop
\\ . ! — duNouy
'g T |
s \ |
= M ! . ’;K-“~ g' J— — e ) e 1]
Lo
20 ;1
S
15 - I :
] .
io I £ . i i S ———
0 0.2 0.4 0.6 0.8 1

Surfactant Amount [%o]

Fig. A7-1.: The surface tensions ofthe A-component A(l/i) with various amounts of
surfactant measured using the pendant drop and the du Noiiy ring methods. There is an

agreement in the results obtainedfrom the two independent methods.
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3. Maximum Bubble Pressure Method

In an attempt to mimic the actual nucleation process, i.e. the formation of gas nuclei
in the liquid bulk, the maximum bubble pressure method was tested on the A-components
A(l/i), B(1I/i) and C(V/i). This method, which is primarily based for aqueous media,
obtained consequently higher surface tension values than in the previous two methods and
general values quoted in the literaturel0. The values obtained using this instrument,
especially with samples with high viscosities are not very accurate. However, the trend is
the same, which reinforces the assumption that the surfactant molecules move quickly
from the bulk to the liquid/gas interface under these experimental conditions.

Measurements during foaming could not be carried out due to the unsuitability of the

process.

100
90
80

70

60 Je¥ o

¥
10 .

to 40 -1
30 A1

20 -+

10 Pa

¢ Bubble Pressure a Pendant Drop m duNodly

Fig. A7-2: A comparison ofthe all three surface tension measurement methods ofthe A-

component A(1/i) with various amounts ofsurfactant.
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Surface Tension Measurements with a Cyclopentane in Equilibrium

A further attempt was made to reproduce the environment of the nucleation process
and to estimate the surface tension of the liquid / vapour interface. For this purpose a
method was developed to induce a cyclopentane atmosphere over the sample (which also
contained excess cyclopentane) to be measured. In this way a saturated solution of
cyclopentane was simulated, avoiding loss of cyclopentane gas from the sample to its
immediate environment, i.e. the cyclopentane is in equilibrium. This resulted in approx.
0.15% volume vapour of the total volume of cyclopentane heated, a relatively small

amount. Increased heating was avoided due to its low boiling point.

The next task was to establish an adequate amount of time for the promotion of
cyclopentane vapour. For this purpose the apparatus was set up as in Fig. 2-28 and
cyclopentane vapour was produced as previously described. The surface tension was
measured at zero time, after 30 minutes, 60 minutes and every hour for five hours. As can
be seen from Fig. A7-3, a plateau is reached after one hour and the surface tension value
remains steady. Therefore, a promotion time of one hour was accepted. However, it was
noted that even after five hours only a small percentage weight of cyclopentane was gone
from the sample at a rate of approximately 0.5g/hr and was considered negligible. The

weight loss of the sample (at 25°C) was estimated at 0.04%/hr.

Time[min|

Fig. A7-3: The effect of increase cyclopentane concentration in the atmosphere on the

surface tension - reaching a sample-atmosphere equilibrium after approx. Ih.
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The surface tension of the system B(l/i) with various amounts of surfactant was
measured after one hour of production of a cyclopentane sample-atmosphere equilibrium.

The results are shown in Table A7-2 below:

Table A7-2: Surface tensions [mN/m] of B(l/i) containing various amounts of surfactant
with and without cyclopentane in equilibrium.

Surface Tension [mN/m]

Surfactant [%0] Without In AS
Equilibrium Equilibrium

0.0 36.12 36.01 0.11

0.3 24.03 24.12 0.09

0.5 23.74 24.02 0.28

1.0 24.32 24.40 0.08

It was expected that the surface tension would increase due to increasing viscosity in a
cyclopentane vapour equilibrium. This was not observed, values of which are shown in
Table A7-2. The largest difference of 0.28 mN/m can be considered a result of the biggest

disadvantage of the method - the instability of the ring in a gas current.

As the difference between the surface tension values obtained with cyclopentane in
equilibrium and an open system was negligible, it was decided to measure the surface
tension of all other systems using the traditional method with a bell cap for added

environmental protection.
The surface tension proved to be independent of the amount and / or type of catalyst.

Surfactants decreased the surface tension of the B-component. Prepolymers decreasing in

free %0NCO showed increasing surface tensions (see Fig.3-49).

Xiv
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Appendix 8

Surfactant Analysis

Structural analysis was carried out using quantitative 20Si-NMR and !H-NMR
providing values for the length of the siloxane backbone, the number of polyol sidechains

and the ratio of ethyleneoxide to propylene oxide (EO:PO).

For the evaluation of x, y, m and n the following example has been explained.
From the integration of the peaks in the 29Si NMR spectrum in Fig A8-1, signal a at
O.lppm represents the methyl groups:

6x + 3y + 18 = 100
where, 6x, 3y and 18 represent the trimethylsilyl groups, the alkylmethyl groups and the

trimethylsilyl end groups. The intensity of the protons on the polyether sidechain can be

got from the peak marked b (Q.5ppm) (CH2groups on Si):

2y = 3.56
y=1.78

Insertion ofy value into previous equation yields a value of 12.78 for x.

From the 20Si-NMR spectrum and the ratio of x:y obtained from the former spectrum the

average chain length of the siloxane backbone can be obtained:

x+y=44
Xy = 12.78:1.78

x =38.62 y=538

XV
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In order to calculate the values for m and n the following peak intensities in the "H-NMR
spectrum have to be taken into account: ¢, d, g and i. The peak at g (177.59) is made
from contributions from 4 EO-protons and 3 PO-protons (CH and CH2beside O). Peaks ¢
(33.67) and d (7.84) are from the CH3groups of the PO. The signal ati (2.638) represents

the secondary alcohol, which was esterified using trichloroacetyl isocyanate.

The total intensity of the EO-protons, leo, is

leo = 177.59 - (33.67 + 7.84) = 136.08

Dividing this value by the intensity of the proton at i gives the number of EO-proton

sidechains. Further dividing by 4 results in the number of EO units per sidechain:
136.08 + 2.64 = 51.55 5155 +4=12.9

Similarly the PO-protons can be calculated:

Ipo = (33.67 + 7.84) + 2.64 = 15.72 15.72 -j-3=5.2

Therefore the ratio of EO:PO is 12.9 :5.2 or 1: 0.4,

Substituting the values for x, y, m and n into the structure results in a molecular weight of

8300g.
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Appendix 9

Measured Cell Diameter in Finished Foam

The cell diameter of the finished foam was measured perpendicular (_L) and parallel

(/1) to the direction of foaming. As expected, the cells are smaller in the perpendicular

direction.

Table A9-1: The cell sizes measuredperpendicular (!) andparallel () to the direction of

foaming.
Blowing Agent: h2o/co0?2 CHD CeFi4
Surfactant (1) 1 Il 1 /1l I

[%6] [jun] [jun] [cun] [jun] [fxm] [jun]
0.00 1700.5 2254.1 1966 2395 351.7 485.2
0.10 509.8 646.3 604.1 827.8

0.20 448.7 649.9 556.4 764.1 287.0 361.8
0.30 430.3 592.8 492.7 671.9

0.50 429.2 633.7 501.8 679.9 279.8 360.5
1.00 399.5 554.9 444.7 625.5 272.3 3221

Table A9-2: Influence of surfactant type and amount on the end cell diameter sizes

measuredperpendicular (1) andparallel (ll) to the direction offoaming.

Cell Diameter [jim]
Surfactant B(I/i) B(I1/i) B(I11/1) B(IV/i) B(V/i)
1 /1 1 I L Il 1 I L I
O T I O T I B T B B T I )
0.00 1966 2395 1966 2395 1966 2395 1966 2395 1966 2395
0.20 556.4 764.1 526.2 718.6 643.3 981.8 655.7 869.4
0.50 501.8 679.9 483.8 679.8 529.2 718.7 590.6 7522 731.0 919.9

1.00 4447 6255 488.6 635.7 4242 5841 5422 706.4 655.2 9354
1.50 4714 620.2 5015 678.8 5075 674.8

XViii
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Appendix 10

C02Solubility - Method ofPartial Pressures

Table A10-1: The solubility of COz2 in A(0/i) (without surfactant) and A(1*/i). (* indicates

3% surfactant instead of 1%).p is the total sample pressure, po is the vapour pressure of

the sample, w(COi) is the mass of CO2 in the liquidphase and a is the solubility of CO2

calculatedfrom equation (56) in section 3.5.11.
CCh-Partial

Pressure

(p-po) [bar]

Sample

A(0/i)

A(I*/i)

Total

Pressure

p [bar]

0.011
0.118
0.380
0.880
1.610
2.320
3.074
4.474
5.968
7.645
0.011
0.125
0.370
0.857
1542
2.236
2.923
4.319
5.793
7.390

0.000
0.107
0.369
0.869
1.599
2.309
3.063
4.463
5.957
7.634
0.000
0.114
0.359
0.846
1.531
2.225
2.912
4.308
5.782
7.379

w(C02 Solubility
Coefficient

a [bar]]

0 0.00274

0.000297

0.00101

0.00237

0.00428

0.00614

0.00812

0.0118

0.0157

0.0201

0 0.00270

0.00321

0.000967

0.00226

0.00408

0.00590

0.00772

0.0114

0.0151

0.0195
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Polyurethane Risid Foam: High Temperatures - High Pressures; 15th European

Conference on Thermophysical Properties, Wirzburg 1999.
* A Study Into the Improvement o fthe Thermal Properties ofPolyurethane Risid Foam:
E. Minogue, A. Biedermann, H. Vos; The Fifty Second Irish Universities Chemistry

Research Colloquium, Cork 2000.

* Nucleation Process in Polyurethane Risid Foam: A. Biedermann, E. Minogue;

Polyurethanes 2000; Advances in the Science of Polyurethanes, Annapolis 2000.

* An In-Situ Study ofthe Nucleation Process of Polyurethane Risid Foam: A. Biedermann,

E. Minogue; Polyurethanes Expo, Boston 2000.
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A(I/i)  BQZi)  B(IVi) B(in/i) BQV/i) B(V/i) C(VI/i)

A-Componcnl

Polyol 1 / / Yy
Polyol 2 / / y
PG y y oy
Water J Yy Yy
Cyclopentane s J Yy y

<

Perfluorohexane

Surfactant

(1ILB-Value):

1(1.38) v

11(1.15) J

01(1.77) y

1V (4.18)

V (5.35) Yy
VI (0.87) y
Catalyst:

cé,n y S y y y
GHAN

QIHIQN
G, IO

Emulsifier:

GHOSN y

mPolyol 1= a polyol witli starter malcriais of sucrose, glycerine and propylcne oxide;
OH No. 380-420.
Polyol 2=a polyol with starter materials of propylene glycol and propylene oxide;
OH No. 235-260.
*DPG = dipropylene glycol



B(I/iy B(iyu) B(liii) K(l/iv)

A-Componcnt

Polyol 1 J

Polyol 2 J /

DPG*

Water J J
Cyclopentane / J y

Perfluorohcxane

Surfaclant

(11LB-Value):

1(1.38) S
11 (1.15)

111(1.77)

IV (4.18)

V (5.35)

VI (0.87)

Catalyst:

C»HnN
C(ILijNj
CiHuOjN
CiHit0ASn
Emulsifier:

C12H10G 3SF17

l'olyol | =a polyol with starter materials of sucrose, glycerine and propylene oxide;
OH No. 380-420.

Polyol 2 =a polyol with starter materials of propylene glycol and propylene oxide;
OH No. 235-260.

*)PG = dipropylene glycol



